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Structural  Control  of  Uranium  Mineralization  in 
Australia 

By  J.  Rade 

Abstract 

A  deep  seated  flow  of  geoplasma  (bathyrheal  underflow)  subjected 
crustal  blocks  to  recurring  horizontal  movements  causing  north-east 
trending  faults,  shearing  along  anticlines  and  rotation  of  the  separate 
crustal  blocks.  These  movements  produced  extensive  faulting  and 
shattering  in  the  South  Alligator  River  area  and  north  of  Katherine, 
providing  suitable  loci  for  uranium  mineralization.  The  mineraliza¬ 
tion  occurs  as  a  late  phase  o|xn  Assure  filling  and  two  types  occur, 

(i)  the  nickel-cobalt-native  silver  type,  and  (ii)  the  quartz-pyrite- 
galena  type.  These  characteristics  provide  a  guide  for  future  pros¬ 
pecting  for  uranium  in  Australia. 

Introduction 

SEVERAL  papers  dealing  with  uranium  mineralization  in  Australia 
have  already  been  published.  The  following  may  be  mentioned 
here :  Condon  and  Walpole  (1955) ;  Department  of  National  Develop¬ 
ment,  Commonwealth  of  Australia  (1956);  Matheson  and  Searl 
(1956);  Sprigg(1954);  Sullivan  and  Matheson  (1952);  and  the  present 
author  (Rade,  1956,  1957). 

The  main  uranium  deposits  of  Australia  are  in  the  northern  part  of 
the  Northern  Territory,  north-western  Queensland  and  in  South 
Australia  (Text-fig.  1).  All  these  deposits  have  more  features  in  common 
than  those  of  the  U.S.A.,  and  their  range  of  ages  is  smaller;  all  are 
located  in  Pre-Cambrian  rocks,  are  of  hydrothermal  origin,  and  are 
dosely  controlled  by  structure. 

In  a  recent  paper  (Rade,  1956)  the  author  demonstrated  the  close 
connection  between  the  tectonics  and  uranium  mineralization  in  the 
northern  part  of  the  Northern  Territory,  In  this  paper  the  structural 
control  of  uranium  mineralization  and  the  chief  features  which  the 
various  deposits  have  in  common  throughout  Australia  will  be 
discussed. 
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Structural  Features 

Structure  is  the  chief  factor  determining  the  location  of  uranium 
deposits  in  Australia.  The  structures  concerned  are  not  only  local, 
but  may  be  on  a  regional  scale  as  has  been  shown  already  in  the  northern 
part  of  the  Northern  Territory  (Rade,  1956, 1957).  Here  the  structures 
originated  during  the  Pre-Cambrian  as  a  result  of  the  deep-seated  flow 
of  geoplasma  named  by  Kraus  the  bathyrheal  underflow  (see  biblio¬ 
graphy).  This  underflow  exerted  a  drag  on  the  crustal  blocks  of  the 
continent  which  caused  them  to  move  horizontally,  and  this  movement 
produced  the  following  structural  features ; — 

(i)  numerous  faults  trending  north-east.  All  the  uranium  deposits 
in  the  northern  part  of  the  Northern  Territory  are  more  or  less  closely 
associated  with  faults  of  this  type,  and  the  same  is  true  of  all  other 
Australian  uranium  deposits ; 

(ii)  shearing  along  anticlines.  The  shearing  causes  shattering  and 
opens  tension  fractures  which  are  then  a  very  favourable  location  for 
uranium  mineralization  as  has  been  found  overseas.  An  example 
of  this  type  of  control  is  the  George  Creek  Uranium  Prospect  in  the 
northern  part  of  the  Northern  Territory  (Rade,  1956,  1957). 

As  has  frequently  been  mentioned,  the  intersections  of  various  types 
of  structures  are  often  favourable  loci  for  mineralization  since  it  is 
at  these  points  that  the  rocks  are  most  extensively  shattered.  Two  types 
of  intersections  seem  to  be  particularly  favourable  for  uranium 
mineralization  in  Australia.  These  are:  (a)  intersections  of  fractures 
and  faults,  e.g.  the  ABC  Uranium  Prospect  near  Katherine  in  the 
Northern  Territory;  (b)  intersections  of  domes  or  anticlines  with 
faults,  e.g.  at  Rum  Jungle  a  dome  is  intersected  by  the  large  Giant 
Fault  (Sullivan  and  Matheson,  1952)  and  at  Burrundie  Uranium 
Prospect  an  anticline  is  transected  by  faults  (Rade,  1956,  1957). 

North-East  Trending  Faults 

It  is  well  known  that  uranium  mineralization  is  favoured  by  extensive 
shattering  of  the  host  rocks,  and  shattering  is  greatest  when  there  are 
recurring  movements  along  the  faults.  The  north-east  trending  faults 
which  transect  much  of  the  Pre-Cambrian  rocks  of  Australia  have 
suffered  recurring  horizontal  movements  and  have  therefore  provided 
suitable  loci  for  uranium  mineralization. 

The  north-east  trending  faults  were  originated  by  the  bathyrheal 
underflow  which,  although  it  exerted  a  drag  on  the  whole  of  the 
Australian  continent,  had  its  greatest  effect  on  the  marginal  areas. 
Such  a  marginal  area  was  the  northern  part  of  the  Northern  Territory 
which,  during  the  Lower  Proterozoic  was  occupied  by  the  Pine  Creek 
Geosyncline  (Noakes,  1953).  This  orogen  was  formed  in  the  epi- 
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Lower  Proterozoic  orogeny.  It  was  cut  by  north-east  trending  faults 
which  were  parallel  to  the  direction  of  flow  of  the  bathyrheal  underflow 
during  the  Pre-Cambrian.  Continued  drag  on  the  crustal  blocks  by 
the  underflow  produced  recurrent  movements  along  these  faults. 
The  bathyrheal  underflow  also  curved  the  orogen  towards  the  east 
and  the  resultant  stresses  were  released  by  the  formation  of  longi¬ 
tudinal  median  Assures  which,  according  to  Kraus  (19Slo),  are  charac¬ 


teristic  features  of  all  orogens.  Shearing  along  these  deep-seated  Assures 
produced  conditions  favourable  for  uranium  mineralization.  The  whole 
sequence  of  events  has  previously  been  described  in  detail  by  the 
author  (Rade,  1956)  and  will  not  be  considered  further  here. 

It  is  interesting  to  note  that  the  longest  faults  and  also  the  greatest 
horizontal  displacements  along  the  north-east  trending  faults  occur 
around  the  margins  of  the  Australian  continent.  It  follows  that  the 
most  intense  shattering  also  occurs  in  this  region  and  it  is  here  also  that 
we  And  the  major  uranium  deposits.  Examples  are  at  Rum  Jungle  in 
the  Northern  Territory  where  the  Giant  Fault  which  cuts  the  Rum 
Jungle  Granite  had  a  maximum  horizontal  movement  of  3i  miles 
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(Sullivan  and  Matheson,  1952,  p.  752),  and  at  Burrundie  where  much 
smaller  horizontal  movements  have  occurred  along  the  same  type  of 
fault  (Rade,  1956,  1957),  and  in  the  South  Alligator  River  area.  The 
author  believes  that  the  reason  for  this  is  that  it  is  in  these  regions  on 
the  margins  of  the  continent  that  the  bathyrheal  underflow  has  had 
its  greatest  effect  in  moving  the  crustal  blocks  horizontally.  The 
northern  part  of  the  Northern  Territory  has  been  cut  into  slices  by 
parallel  faults  trending  in  the  direction  of  the  bathyrheal  underflow. 
In  the  course  of  repeated  movements  along  these  faults  the  slices  nearer 
the  margins  of  the  continent  have  been  moved  further  than  those 
nearer  the  centre.  Traces  of  these  movements  may  be  seen  in  the  Pre- 
Cambrian  rocks  in  this  area  where  the  north-western  sides  of  the 
north-east  trending  faults  have  moved  towards  the  north-east  and  the 
south-eastern  sides  have  moved  relatively  towards  the  south-west 
(Rade,  1956). 

It  is  not  only  in  the  Northern  Territory  that  the  uranium  mineraliza¬ 
tion  is  associated  with  north-east  trending  faults.  In  South  Australia, 
as  for  example  at  Radium  Hill  and  Crockers  Well,  the  same  structural 
relationship  is  found.  Sprigg  (1954,  p.  47)  states  that  “The  Radium 
Hill  lodes  occur  in  a  set  of  north-east-south-west  shears  and  fissures 
developed  between  two  ancient  north-west-south-east  trending  regional 
faults  This  mentions  a  point  which  has  been  widely  observed  over¬ 
seas  as  well  as  in  Australia,  that  the  uranium  mineralization  tends  to 
favour  associated  smaller  scale  structures  rather  than  larger  regional 
scale  structures.  An  excellent  example  of  this  is  the  ABC  Uranium 
Prospect  near  Katherine  in  the  Northern  Territory  where  the  mineraliza¬ 
tion  is  not  found  in  the  large  regional  faults  but  occurs  at  the  inter¬ 
section  of  a  tension  fracture  associated  with  a  regional  fault  and  a 
small  north-north-east  trending  fault.  Lang  (1952,  p.  21)  has  also 
stressed  this  feature  in  the  Goldfields  region  of  Saskatchewan. 

At  Crockers  Well  in  South  Australia  the  uranium  is  associated  with 
east-north-east  trending  shears.  King  (1954,  p.71)  states:  “  Another 
shear,  also  intruded  by  basic  rock,  trends  east-north-east  within 
several  hundred  feet  of  the  Crockers  Well  deposit.  The  local  zone  of 
uranium  mineralization  is  developed  in  brecciated  adamellite  produced 
by  small  and  discontinuous  fracture  zones  of  the  same  system.” 

Another  Australian  example  of  uranium  mineralization  favouring 
north-east  trending  faults  is  at  Denham  River  homestead  62  miles 
south-south-east  of  Wyndham  in  West  Australia.  On  the  eastern  side 
of  the  fault  are  granites  of  the  Lower  Proterozoic  Lamboo  Complex 
(Traves,  1955)  and  on  the  western  side  are  the  Upper  Proterozoic 
quartzites  and  Lower  Cambrian  Antrim  Plateau  volcanics.  The 
mineralization  has  been  favoured  by  recurrent  movements  along  the 
fault,  causing  strong  shattering. 
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The  reason  why  the  north-east  trending  faults  and  fissures  have  been 
favoured  by  the  uranium  minerals  is  that  recurrent  movements  along 
them  have  produced  strong  shattering  and  dilated  fissures  which 
provided  a  suitable  environment  for  the  deposition  of  minerals.  The 
faults  themselves  and  the  repeated  movements  along  them  are  due  to 
the  action  of  the  bathyrheal  underflow.  The  close  association  between 
the  uranium  deposits  and  these  structures  indicates  that  they  must  be  of 
hydrothermal  origin  (as  has  been  found  elsewhere  throughout  the 
world)  and  the  idea  that  they  could  possibly  be  of  sedimentary  origin 
as  proposed  by  Condon  and  Walpole  (19SS)  is  quite  untenable. 

Shearing  along  Anticlines  and  the  Structural  Role  of  the 
Cullen  Granite 

It  has  been  shown  (Rade,  1956,  I9S7)  that  shearing  along  anticlines 
is  an  important  structural  feature  associated  with  uranium  mineraliza¬ 
tion  in  the  northern  part  of  the  Northern  Territory.  This  structure  is 
more  or  less  closely  associated  with  the  movements  of  a  large  crustal 
block  named  by  Noakes  (1949)  the  Cullen  Granite.  The  tectonic 
importance  of  the  Cullen  Granite  during  the  Pre-Cambrian  will  now 
be  considered. 

The  Cullen  Granite  is  elongated  towards  the  north-north-west. 
Under  the  influence  of  the  bathyrheal  underflow  it  and  the  smaller 
granitic  blocks  to  the  west  of  it  in  the  Adelaide  River-Burrundie  area 
moved  horizontally,  and  the  Cullen  Granite  tended  to  be  rotated 
anticlockwise  because  of  its  elongated  shape.  These  movements  caused 
shearing  in  the  neighbouring  rocks,  and  particularly  along  the  median 
fissures  of  the  Pine  Creek  orogen  mentioned  above.  The  shearing 
tended  to  be  concentrated  in  the  anticline  since  these  were  zones  which 
had  already  been  strongly  fractured  during  folding.  The  uranium 
deposits  at  Adelaide  River,  George  Creek,  Brock’s  Creek,  and  Bur- 
rundie  originated  in  this  way. 

The  effects  of  the  anticlockwise  rotation  of  the  Cullen  Granite  were 
especially  strong  in  the  area  to  the  east  of  it  (Text-fig.  2).  Adjacent  to 
the  south-western  margin  of  the  stable  Arnhem  Land  craton  strong 
shattering  of  the  rocks  occurred  due  to  the  rotation  of  the  Cullen 
Granite  by  the  bathyrheal  underflow.  The  faults  formed  in  this 
mobile  hinge  area  between  the  Pine  Creek  orogen  to  the  west  and  the 
Arnhem  Land  craton  to  the  east  trended  north-west.  Movements 
along  these  faults  recurred  because  the  bathyrheal  underflow  continued 
to  exert  its  drag  on  the  crustal  blocks  and  the  area  yielded  to  the 
applied  stresses  by  jerking,  causing  strong  shattering  in  the  rocks. 
The  faulting  was  very  deep  seated,  as  is  often  found  in  such  hinge 
areas  at  the  margins  of  cratons.  The  hydrothermal  actiyity  which 
emplaced  the  uranium  minerals  in  this  area  was  a  prolonged  late  phase 
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of  the  epi-Lower  Proterozoic  orogeny.  Thus  we  have  present  all  the 
conditions  necessary  for  the  formation  of  hydrothermal  mineral 
deposits.  As  a  result  we  have  the  Sleisbeck,  Coronation  Hill,  and  other 
uranium  deposits  in  the  South  Alligator  River  area. 

The  anticlockwise  rotation  of  the  Cullen  Granite  block  continued 
during  the  Upper  Proterozoic  and  affected  the  “  molasse  ”  sediments 
laid  down  after  the  Pine  Creek  orogeny  in  the  area  north  of  Katherine, 
which  is  east  of  the  Cullen  Granite.  This  area  lies  between  the  Cullen 
Granite  on  the  west  and  another  granitic  block  on  the  east,  and 
horizontal  movements  of  both  of  these  blocks  set  up  a  couple  in  the 
area  (Rade,  1956).  Volcanics  extruded  in  this  area  during  the  Upper 
Proterozoic  were  strongly  shattered  by  the  action  of  the  couple  and  by 
further  movements  along  north-east  trending  faults,  and  hydrothermal 
uranium-bearing  solutions  produced  as  a  late  phase  of  the  same  magmas 
as  produced  the  volcanics  favoured  these  shattered  areas  of  volcanics. 
In  this  way  the  ABC  Uranium  Prospect  was  formed,  but  since  the 
structural  relations  here  are  quite  complex  it  will  be  discussed  further 
below. 

Intersection  of  Structural  Features 

The  intersections  of  structural  features  play  a  very  important  part 
in  uranium  mineralization.  In  this  paper  the  intersections  of  domes  or 
anticlines  with  faults  will  not  be  discussed,  but  the  intersections  of 
faults  and  fractures  will  be  considered.  A  typical  example  is  the  ABC 
Uranium  Prospect  near  Katherine  in  the  Northern  Territory.  The  ABC 
Uranium  Prospect  is  specially  interesting  in  that  we  have  here  two 
important  types  of  structure  which  dominate  uranium  mineralization 
throughout  Australia.  They  are : — 

(1)  North-north-east  trending  faults. 

(2)  North-east  trending  tension  fractures. 

It  will  be  noticed  that  both  these  structural  elements  possess  the 
important  north-easterly  direction.  This  factor,  together  with  the 
intersection  of  the  structures,  provides  a  very  suitable  location  for 
hydrothermal  mineralization.  The  ABC  Uranium  Prospect  will  now 
be  considered  in  more  detail. 

Fisher  and  Sullivan  (1954)  mentioned  uranium  mineralization  in 
volcanics  near  Katherine,  and  the  ABC  Prospect  is  specifically  men¬ 
tioned  by  Condon  and  Walpole  (1955).  A  publication  of  the  Depart¬ 
ment  of  National  Development,  Commonwealth  of  Australia  (1956, 
p.  91)  gives  the  following  information;  “  At  the  ABC  Prospect,  near 
Katherine,  Northern  Territory,  secondary  uranium  minerals  are  found 
mainly  in  an  acidic  sill  intrusive  into  a  basic  volcanic  sequence.  The 
deposit  is  close  to  a  major  fault  and  the  volcanics  have  been  very  much 
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altered.  The  uranium  may  have  been  introduced  hydrothermally 
at  the  time  of  alteration  of  the  basic  volcanics,  deposited  as  volcanic 
ejectamenta  derived  from  underlying  rocks,  or  deposited  from  surface 
or  underground  water.”  The  author  believes  that,  since  the  structural 
environment  is  so  ideally  suitable  for  the  hydrothemtal  deposition  of 
minerals  it  is  in  vain  to  consider  any  other  origin  for  them  when  it 


Text-hg.  3. — Structural  Plan  of  ABC  Uranium  Prospect  near  Katherine, 
Northern  Territory,  Australia. 


would  be  by  the  merest  coincidence  that  any  other  process  would 
deposit  them  in  this  particular  locality. 

The  uranium  mineralization  at  the  ABC  Prospect  is  associated  with 
the  north-north-east  trending  Prospect  fault  which  transects  a  north¬ 
east  trending  tension  fracture  associated  with  the  east-west  trending 
Major  fault  (Text-fig.  3).  The  mineralized  area  lies  in  the  acute  angles 
of  the  intersection.  The  strength  of  mineralization  is  shown  in  Text- 
fig.  3  by  contours. 

We  will  now  consider  the  events  determining  the  structure  at  the 
ABC  Prospect  in  more  detail.  The  Prospect  is  situated  in  an  area  which 
was  affected  by  a  couple  set  up  by  the  rotation  of  granitic  blocks  to 
the  east  and  west  of  it.  This  movement  was  continued  later  as  simple 
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lateral  motion  without  rotation  along  the  north-east  trending  faults 
which  had  originated  as  tensional  faults  due  to  the  action  of  the  couple. 
All  these  movements  were  caused  by  the  drag  of  the  bathyrheal  under¬ 
flow.  A  large  tensional  fault,  the  McAdden  fault,  which  lies  to  the 
east  of  the  Prospect,  shows  the  direction  of  these  movements;  its  north¬ 
western  side  has  moved  towards  the  north-east.  The  horizontal  move¬ 
ments  also  affected  the  area  around  the  intersection  of  the  Prospect 
fault  with  the  tension  fracture  of  the  Major  fault.  The  effect  was  that 
the  intricate  fractures  existing  in  the  acute  angle  to  the  west  of  the 
intersection  tended  to  be  dilated,  providing  a  region  of  open  type 
fractures  which  was  therefore  a  very  favourable  location  for  the 
deposition  of  hydrothermal  minerals.  Hydrothermal  minerals  were 
available  from  the  magma  which  had  already  produced  the  volcanics 
in  the  same  area. 

A  comparable  example  of  dilation  and  relaxation  of  stress  playing 
an  important  part  in  uranium  mineralization  is  found  at  the  Verna 
mine,  Beaverlodge,  Saskatchewan,  of  which  Campbell  (1957,  p.  548) 
writes :  “  The  controlling  factor  in  pitchblende  deposition  at  Verna 
has  been  structural.  The  ore-bearing  solutions  infiltrated  the  sheared 
and  fractured  blocks  of  rocks  lying  between  the  St.  Lx>uis  and  the 
Baska  faults.  They  deposited  pitchblende  in  the  environments  where 
fracturing  as  well  as  dilation  due  to  folding  were  relatively  more 
intense  and  were  opened  by  differential  stress,  possibly  imparted  by 
relaxation  after  the  major  faulting.” 

It  seems  probable  that  after  the  couple  ceased  to  exist  there  was  a 
temporary  relaxation  of  stress  in  the  area  of  the  ABC  Prospect  before 
it  was  again  affected  by  the  north-easterly  drag  of  the  bathyrheal 
underflow.  This  relaxation  of  stress  and  the  beginning  of  further 
movement  of  the  western  side  of  the  McAdden  fault  towards  the  north¬ 
east  tended  to  produce  open  type  fractures  on  the  western  side  of  the 
intersection  of  the  Prospect  fault  with  the  tension  fracture  of  the  Major 
fault,  while  the  eastern  side  of  the  intersection  tended  to  be  compressed. 
In  support  of  this  theory  we  And  that  the  western  side  of  the  intersection 
is  favoured  by  the  mineralization,  with  the  eastern  side  being  only 
very  slightly  mineralized.  The  sequence  of  events  may  be  summarized 
as  follows : — 

(1)  The  area  was  affected  by  a  couple  which  broke  it  into  parallel 
north-east  trending  slices. 

(2)  Stresses  were  relaxed  when  the  couple  faded  out,  producing 
open  type  fractures. 

(3)  Further  north-easterly  movement  caused  by  the  bathyrheal 
underflow  tended  to  close  the  fractures  on  the  east  between  the  Pros¬ 
pect  and  McAdden  faults,  and  open  those  on  the  west,  thus  producing 
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here  a  favourable  environment  for  the  uranium  mineralization  which 
occurred  at  this  time. 

Some  overseas  examples  showing  that  the  intersections  of  faults 
and  fractures  are  favourable  loci  for  uranium  mineralization  may  be 
quoted : — 

Concerning  uranium  mineralization  in  the  Central  City  district 
and  adjoining  areas,  Gilpin  and  Clear  Counties,  Colorado,  Sims  and 
Tooker  (1956,  p.  108)  write :  “  the  pitchblende  ore  occurs  as  individual 
seams  a  few  feet  in  maximum  length  and  generally  not  more  than  an 
inch  or  two  in  width,  or  as  local  concentrations  at  the  junctions  of 
fractures.” 

Christie  (1953,  p.  83)  also  stresses  the  intersections  of  fault  zones  as 
favourable  for  uranium  mineralization  in  the  Goldfields  Lake  Martin 
map-area,  Saskatchewan :  “  Intersecting  fault  zones  form  favourable 
localities  for  the  passage  of  hydrothermal  solutions  and,  therefore, 
a  likely  place  for  mineralization.  Examples  are  the  Nesbitt  Labine 
ABC  Group,  Martin  Lake,  Mic  and  numerous  others.” 

Referring  to  the  Urgeirica  district,  Portugal,  Everhart  and  Wright 
(1953,  p.  83)  state:  “Ore  bodies  commonly  are  adjacent  to  cross¬ 
fractures  that  are  later  than  mineralization,  but  there  may  have  been 
pre-mineral  faults  ancestral  to  them  and  fault  intersections  may  have 
been  conduits  for  ore-bearing  solutions.” 

Uranium  Mineralization 

Uranium  mineralization  in  Australia  is  characterized  by  two  features; 

(1)  It  fills  open  fissures,  and 

(2)  it  is  a  late  phase. 

For  example,  at  George  Creek  (Rade,  1956,  1957)  and  Burrundie 
Prospects  the  minerals  were  deposited  in  tension  fractures  produced 
by  shearing  along  anticlines.  That  it  is  a  late  phase  is  shown  at  George 
Creek  by  the  fact  that  the  uranium  minerals  were  preceded  by  quartz 
and  pyrite.  As  mentioned  above  the  uranium  is  localized  near  the 
intersection  of  a  tension  fracture  with  a  north-north-east  trending  fault 
at  the  ABC  Uranium  Prospect,  so  this  is  another  characteristic  example 
of  open  fissure  filling  in  Australia. 

The  two  characteristics  mentioned  above  are  also  found  at  Radium 
Hill  in  South  Australia.  Sprigg  (1954,  p.  30)  states;  “  Consequently 
there  seems  to  have  been  at  least  two  episodes  of  mineralization,  the 
first  introducing  the  more  normal  iron-titanium  suite  of  minerals,  and 
the  latter  the  davidite  suite.  The  orebodies  are,  therefore,  considered 
in  part  to  be  replacement  phenomena,  although  the  presence  of 
abnormal  lode  swellings  at  changes  in  strike  indicates  considerable 
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open-fissure  development  (figs.  6  and  7).  These  loci  also  contain  the 
richest  uranium  ores.” 

Both  the  open  type  fissures  and  late  phase  mineralization  so 
characteristic  of  Australian  uranium  deposits  are  also  found  overseas. 
The  following  examples  of  open  fissure  filling  may  be  mentioned : — 
Elescribing  the  role  of  open  fissures  in  the  Urgeirica  district  of 
Portugal,  Everhart  and  Wright  (1953,  p.  83)  write:  “  Ore  bodies  are 
largely  within  straight  parts  of  veins  where  fissures  were  most  open. 
In  ‘  tight  ’  segments,  on  some  bends,  ore  bodies  are  lacking.” 

Wilmarth  and  Johnson  (1954,  p.  8)  stress  that  open  type  fractures 
controlled  the  uranium  mineralization  at  the  Silver  Cliff  Mine,  Lusk, 
Wyoming :  “  The  deposition  of  the  uranium  ore  thus  far  mined  in  the 
sandstone  was  controlled  principally  by  the  fractures  that  resulted 
from  movement  along  the  Silver  Cliff  fault.  The  brittle  sandstone  was 
readily  fractured  during  faulting  and  these  open  fractures  apparently 
acted  as  channels  for  the  movement  of  the  ore  solutions.” 

Concerning  the  Goldfields-Martin  Lake  area,  Saskatchewan, 
Christie  (1953,  p.  85)  states:  “  Pitchblende  occurs  most  commonly  in 
narrow  veins  and  stringers  filling  tension  fractures  in  shear  zones, 
breccia  zones,  or  fault  zones;  and  less  commonly  as  local  dissemina¬ 
tions  in  the  host  rock.  The  veins  contain  any  or  all  of  carbonate,  comb 
quartz,  specular  hematite,  chlorite,  and  albite.  Many  show  structures 
that  are  generally  considered  to  indicate  deposition  in  open  (tensional) 
fractures,  such  as  banding,  brecciated  fragments  of  wall-rock,  comb 
quartz,  rims  of  colloform  pitchblende  around  the  terminations  of 
crystals,  and  rarely,  vugs.” 

Summarizing  the  structural  characteristics  of  the  uranium  deposits 
in  the  U.S.A.  Everhart  (1956,  p.  102)  says:  “  As  in  the  majority  of  the 
uraniferous  vein  deposits  of  the  world,  those  in  the  United  States  are 
characterized  by  ‘  open  ’  structural  features.  Almost  without  exception, 
the  vein  deposits  lie  in  districts  where  rocks  have  been  subjected  to 
tensional  forces  simultaneous  or  before  mineral  deposition.  In  detail 
the  ores  show  typical  evidence  of  open-space  filling  in  nearly  all 
cases.” 

Everhart  and  Wright  (1953,  pp.  86,  85,  and  87  resp.)  give  several 
examples  of  open  fracture  filling;  in  the  Lake  Athabaska  district  of 
Saskatchewan  the  uranium  mineralization  is  “  largely  filling  of  ten¬ 
sional  fractures  which  were  formed  by  shears  and  opened  by  later 
tension  The  same  applies  to  the  Great  Bear  Lake  uranium  deposits. 
Northwest  Territories,  where  the  structural  controls  are  “  Fractures 
formed  by  shearing  action ;  opened  by  later  tension  ”.  At  No.  2  and 
3  veins  “  minor  shears  and  related  tension  fractures,  with  displacement 
of  less  than  20  feet  ”  are  characteristic.  In  the  Coeur  d’Alene  district, 
Idaho,  ”  Pitchblende  is  found  in  veinlets  closely  related  to  the  main 
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Sunshine  vein  system  which  is  a  tension  fracture  trending  east  and 
dipping  60°-80’  south.” 

Campbell  (1957,  p.  546)  has  shown  that  steep  tension  fractures  are 
associated  with  high-grade  pitchblende  concentrations  at  the  Verna 
mine,  Beaverlodge,  Saskatchewan :  “  The  four  sets  of  fractures  in  the 
Verna  mine  are  as  follows  (in  order  of  decreasing  strength  and  con¬ 
tinuity):  (1)  Strike,  west;  dip,  15“-50°  south  (2)  Strike,  west-north¬ 
west;  dip,  45°-80’  southwest  (3)  Strike,  northwest;  dip,  70°  north¬ 
east  to  southwest  (4)  Strike,  west-southwest ;  dip,  70°  north  to  south. 
Sets  (1)  and  (2)  are  shear  fractures  heavily  mineralized  by  late  vein 
material  but  generally  inhospitable  to  pitchblende.  Sets  (3)  and  (4) 
are  steep  tension  fractures  and  within  the  ore-bodies  are  generally 
host  to  high-grade  pitchblende  concentrations.” 

It  has  also  been  found  overseas  that  uranium  mineralization  is  often 
a  late  process.  In  this  connection  Thurlow  and  Wright  (1950,  p.  402) 
state :  “  Since,”  in  the  Coeur  d'Alene  district,  Idaho,  “  uranite  replaces 
tetrahedrite,  one  of  the  latest  metallic  minerals,  it  appears  that  uranium 
mineralization  occurred  during  the  late  stages  of  vein  deposition. 
It  is  perhaps  significant  that  uranite  is  intimately  intergrown  and 
contemporaneous  with  chalcopyrite  in  the  ores  of  Gilpin  County 
Colorado.” 

Everhart  and  Wright  (1953)  have  distinguished  two  prevailing  types 
of  uranium  mineralization  overseas.  One  is  the  nickel-cobalt-native 
silver  ore  type  named  by  Bastin  (1939),  and  the  other  is  the  quartz- 
pyrite-galena  ore  type.  Overseas  examples  of  the  first  type  are  the 
uranium  deposits  at  the  Great  Bear  Lake  in  Canada,  Joachimsthal 
in  Czechoslovakia,  and  Shinkolobwe  in  the  Belgian  Congo;  examples 
of  the  second  type  are  Marysvale,  in  Utah,  and  Urgeirica  in  Portugal. 
In  Australia  the  first  type  is  represented  at  Rum  Jungle  in  the  Northern 
Territory  and  Mary  Kathleen  in  Queensland,  and  the  second  type  is 
approximated  at  George  Creek  except  that  galena  is  not  developed 
there. 


Conclusion 

The  author  has  attempted  to  relate  the  uranium  mineralization  in 
Australia  to  tectonics,  and  to  outline  the  most  important  characteristics 
of  uranium  occurrences.  The  results  may  be  outlined  as  follows:  The 
fundamental  tectonic  factor  is  the  bathyrheal  underflow  which  origi¬ 
nated  the  north-east  trending  faults,  the  shearing  along  anticlines, 
and  the  anticlockwise  rotation  of  the  Cullen  Granite.  The  latter  caused 
faulting  and  shattering  of  the  rocks  in  the  South  Alligator  River  area 
and  set  up  a  couple  in  the  area  north  of  Katherine.  All  these  effects 
provided  a  suitable  environment  for  uranium  mineralization.  The 
characteristic  features  of  Australian  mineral  deposits  are  found  to  be 
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the  same  as  are  often  found  overseas,  namely,  they  are  open  fissure 
Mings  and  are  a  late  phase  in  the  hydrothermal  processes.  It  is 
recommended  that  the  structural  environment  and  depositional 
characteristics  described  above  should  be  borne  in  mind  when  future 
prospecting  for  uranium  is  carried  out. 
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Boudinage  Structure  in  West  Cork,  Ireland 

By  Kenneth  Coe 
(PLATE  IV) 

Abstract 

Boudinage  occurs  with  great  regularity  in  parts  of  West  Cork. 

The  principle  break-up  of  competent  beds  is  into  boudins  with  the 
separation  parallel  to  the  dip  of  the  bedding,  but  where  the  exposure 
permits  examination  in  three  dimensions  it  can  be  seen  that  incipient 
boudinage  is  developed  with  separation  parallel  to  the  strike  of  the 
bedding.  The  structure  is  shown  to  have  originated  after  the  main 
phase  of  folding  by  horizontal  forces  acting  on  steeply  inclined  beds. 

Some  unusual  features  are  described. 

IN  the  course  of  mapping  sediments  and  intruded  bodies  in  the  Bantry 
Bay  area  of  West  Cork,  boudinage  structure  was  seen  to  occur 
with  great  regularity,  particularly  in  the  Coomhola  Series.  This  series 
consists  of  a  thick  sequence  of  sandstones,  shales,  and  siltstones,  and 
lies  between  red  and  purple  beds  of  Upper  Old  Sandstone  age  and 
uniform  dark-grey  Carboniferous  slates.  Almost  everywhere  the 
strata  are  steeply  dipping  and  the  plunge  of  both  major  and  minor 
folds  is  to  the  W.S.W.  at  a  low  angle.  In  structure  and  stratigraphy  the 
area  closely  resembles  the  Sneem  area  described  by  Capewell  (1957). 

The  frequency  with  which  boudinage  occurs  in  Bantry  Bay  can  be 
readily  explained  as  the  result  of  powerful  stress  acting  on  alternations 
of  sandstones  with  silts  or  shales.  In  general  the  competent  strata  are 
sandstone  beds  but  boudinage  has  been  recorded  in  slumped  sheets  of 
silt,  in  intruded  rocks,  and  in  a  series  of  silts  of  uniform  competency, 
the  last  producing  special  features. 

In  all  cases  the  competent  bed  is  seen  to  break  up  into  typical  barrel¬ 
shaped  boudins  occasionally  isolated,  but  more  commonly  touching 
or  separated  by  cross  veins  of  quartz.  The  plane  of  contact  between 
boudins  is  always  normal  to  the  bedding  and  contains  the  dip  direction, 
hence  the  length  of  the  boudin  is  parallel  to  the  strike  of  the  beds  and 
the  direction  of  extension  of  the  competent  bed  is  horizontal.  This 
distinctive  orientation  of  boudinage  has  been  described  previously  by 
Read  (1934)  and  Walls  (1937). 

A  typical  example  occurs  a  few  yards  to  the  north  of  the  quay  at 
Black  Ball  Harbour  (locality  I).  Four  beds  of  pale-grey  sandstone  are 
inter-bedded  with  relatively  incompetent  beds  consisting  of  sandy 
shales.  In  the  latter,  the  coarser  fraction  lies  in  lenses  in  a  black  shaly 
matrix.  The  whole  series  of  boudined  beds  can  be  traced  along  the 
strike  for  30  yards,  from  the  sea  in  the  west  to  a  bounding  fault  in  the 
east.  The  diagram  illustrates  the  relationship  (Text-fig.  2).  The  wedge- 
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Text-fio.  I. — Maps  of  S.W.  Ireland  showins  position  of  areas  described. 
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Text-fig.  2. — Plan  drawing  of  boudinage  at  Locality  1. 


shaped  quartz  segregations  are  in  most  cases  confined  to  the  competent 
bed,  strikewise  movement  of  the  incompetent  material  producing 
sharp  truncations,  but  occasional  penetration  of  the  quartz  veins  into 
the  incompetent  material  can  be  seen  opposite  the  point  of  separation 
of  the  boudins.  The  orientation  of  the  segregations  is  not  quite  normal 
to  the  strike  but  varies  from  147  to  152  degrees. 

In  cases  where  the  exposure  permits  examination  in  three-dimensions 
it  can  frequently  be  seen  that  the  pinch-and-swell  barrel-shaped  form  of 


Text-fig.  3.~Vcrtical  section  of  boudinage  in  a  slumped  sheet  at  Locality  2. 
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competent  beds,  with  moulded  incompetent  material,  exists  in  two 
directions  at  right-angles.  In  such  cases  it  has  been  found  that  the  better 
shaped  and  smaller  boudin  sections  are  in  the  strike  direction,  with  the 
less  well-formed  boudins  revealed  in  dip-section.  The  intersection  of 
axes  should,  ideally,  produce  the  “  tableau  de  chocolat  ”  form  described 
by  Wegmann  (1932)  on  bedding  planes,  but  in  point  of  fact  this  can 
rarely  be  observed  because  of  (1)  the  poor  development  of  boudinagc  in 
the  dip  direction,  or  (2)  the  absence  of  exposed  bedding  surfaces. 
This  type  of  boudinage  can  be  seen  on  the  wave-cut  platform  east- 
north-east  of  Foilnageragh  (locality  2),  where  a  slumped  sheet  lying 
between  siltstone  beds  can  be  traced  for  200  yards.  The  beds  are 


Text-hg.  4. — Perspective  view  of  boudinage  in  a  slumped  sheet  at  Locality  3. 

almost  vertical,  and  in  the  strike  direction  (070  degrees)  the  thicker 
parts  of  the  slumped  sheet  show  a  somewhat  irregular  break  up  pattern, 
in  which  the  shape  of  the  boudins  has  been  modified  by  transverse 
shear  planes  which  are  vertical  and  strike  054  degrees.  The  boudins 
show  a  thinning  of  the  bed  from  3  feet  to  1  ft.  5  in.,  whilst  the  length 
of  the  boudins  varies  from  7  feet  to  11  feet.  The  form  of  the  bed 
in  the  dip-section  is  revealed  in  the  plane  of  a  small  fault.  Boudinage 
can  be  determined  (Text-fig.  3)  but  the  amount  of  thinning  is  distinctly 
less  than  in  the  horizontal  section. 

Quartz  veins  confined  to  the  competent  bed  can  be  seen  in  both 
sections  normal  to  the  bedding,  and  in  the  horizontal  section  normal 
to  the  shear  planes.  The  thinner  parts  of  the  slumped  sheet  show 
uniform  boudinage  with  the  barrel-shaped  sections  lying  parallel  to 
the  strike  of  the  beds. 

A  similar  occurrence  of  boudinage  in  two  directions  in  a  slumped 
sheet  occurs  on  the  north  shore  of  Black  Ball  Harbour,  6(X)  yards 
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E.S.E.  of  White  Ball  Head  (locality  3).  Here  lithihcation  following 
slumping  has  given  an  eighteen-inch  thick  sandstone  bed  increased 
competence.  The  form  of  the  boudins  and  the  moulded  flaggy  siltstones 
is  illustrated  (Text-flg.  4). 

An  unusual  feature  can  be  seen  at  the  western  end  of  White  Ball 
Head  (locality  4),  where  a  succession  of  even-grained  sandstone  beds 
is  succeeded  by  siltstone.  In  this  case,  uniform  competence  below  the 
silt-sand  junction  has  prevented  the  formation  of  boudinage,  but  the 


Text-hc.  S. — Asymmetric  boudinage  at  Locality  4.  Oblique  view  of  an 
almost  horizontal  rock  platform.  Drawn  from  a  photograph. 

upper  surface  of  the  top  sandstone  bed  shows  the  usual  features  in 
both  the  horizontal  (strike)  section  and  the  vertical  section,  thus 
producing  boudins  with  one  planar  surface.  As  in  previously  described 
cases  the  smaller  and  better  developed  boudins  occur  on  the  horizontal 
surface. 

In  a  cliff  exposure  200  yards  W.N.W.  of  Quarry  Point  (locality  5) 
a  most  significant  occurrence  of  boudinage  is  to  be  seen,  where  a  dyke  of 
porphyritic  micro-diorite  lies  between  shales  and  siltstones.  The 
sediments  are  here  thrown  into  minor  folds  which  have  axial  planes 
inclined  to  the  N.N.W.  at  68  degrees,  and  the  dyke  is  post-folding, 
lying  concordantly  in  the  bedding  on  the  steep  north  limb  of  a  syncline 
(Text-fig.  6).  Above  and  below  the  fold  the  intrusion  maintains  its 
dyke-like  form,  with  northerly  transgressions  (to  a  lower  stratigraphical 
horizon)  in  the  higher  part  of  the  cliff.  Where  the  dyke  is  parallel  to 
the  bedding  boudinage  is  developed,  the  intruded  rock  pinching  from 
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5  feet  to  3  feet  in  the  horizontal  section.  On  the  vertical  face  boudinage 
is  less  well  developed  but  is  nevertheless  discernible.  Distinct  quartz 
segregations  occur  in  the  dyke,  and  the  matrix  appears  to  be  re-crystal¬ 
lized  in  the  pinched  sectors.  A  second,  vertical,  dyke  cuts  across  in  the 
dip  direction  revealing  the  throw  of  two  strike  faults. 

A  genetic  relationship  between  the  boudinage  in  the  micro-diorite 
dyke  and  the  horizontal  movement  is  suggested,  both  structures 
resulting  from  continued  application  of  horizontal  forces  after  the 
folding.  The  sequence  of  events  at  this  locality  was,  therefore 

(a)  folding, 

(b)  emplacement  of  dyke  1, 

(c)  emplacement  of  dyke  2, 

id)  boudinage  and  strike  faulting. 

Supporting  evidence  indicating  that  in  West  Cork  boudinage  is 


Text-fig.  6. — Diagram  of  Locality  5  showing  a  boudined  dyke  cut  normally 
by  a  second,  cleaved  and  faulted,  dyke. 


produced  at  a  late  stage  in  the  tectonic  history  comes  from  exposures 
at  Relane  Point  (locality  6)  and  from  the  south-west  side  of  Pulleen 
Harbour  (locality  7).  At  the  former  locality  cleavage  planes  are  clearly 
deformed  by  the  flow  of  incompetent  material  during  boudinage 
formation,  whilst  at  Pulleen  Harbour  boudinage  is  seen  to  affect  minor 
flexures  in  the  cleavage  which  are  themselves  considered  to  be  formed 
at  a  late  stage  in  the  tectonic  history. 

Probably  the  most  striking  development  of  boudinage  in  the  Bantry 
Bay  district  is  at  Relane  Point,  where  unusual  features  present  several 
new  problems.  At  this  locality  the  structure  can  be  seen  in  a  series  of 
siltstones,  within  which  there  is  no  obvious  lithological  variation,  and 
consequently  no  apparent  change  in  competence.  Boudinage  is 
developed  at  two  horizons  50  feet  apart,  in  vertical  beds  which  strike 
070  degrees.  The  southern-most  or  lower  horizon  shows,  between 
cliff  (of  boulder-clay)  and  shore,  a  string  of  twelve  boudins  of  regular 
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form  ranging  in  length  from  7  feet  to  10  feet.  The  maximum  and 
minimum  widths  of  this  structure  are  4  ft.  6  in.  and  1  foot,  and  the 
boudins  are  separated  by  segregations  of  quartz.  Compared  with 
the  barrel-shaped  boudins  formed  in  grit  beds  a  significant  feature  of  the 
structure  at  this  locality  is  the  lens  shape  of  the  boudins,  with  complete 
re-crystallization  of  the  central  part  of  the  band  and  very  strong  flow 
of  material  into  the  zones  of  thinning  (Plate  IV).  So  far  as  can  be  deter¬ 
mined  in  the  low  cliff,  the  same  shape  persists  in  the  vertical  section, 
the  present  erosion  level  exposing  only  the  upper  portion  of  one 
boudin. 

At  the  higher  horizon,  beds  of  the  same  lithology  show  boudins  of 
similar  character  but  of  surprisingly  different  dimensions,  averaging 
3  feet  in  length,  and  with  maximum  and  minimum  widths  of  10  inches 
and  4  inches.  No  explanation  can  be  offered  for  the  localization  of  the 


Text-ho.  7. — Contrasted  shape  of  boudins. 


structure  at  these  horizons,  nor  can  the  difference  in  size  or  length  to 
width  ratio  be  explained. 

At  both  horizons  quartz  segregation  veins  occur  separating  the  in¬ 
dividual  boudins.  In  the  southern  set  three  stages  of  re-crystallization 
can  be  distinguished  :  (a)  Within  the  beds  there  has  been  a  gradual  re- 
crystallization  resulting  in  the  cleaved  silt  losing  its  normal  character. 
When  traced  from  the  centre  of  a  boudin  along  the  strike  it  becomes 
more  massive  and  granular  with  a  complete  “  welding  ”  of  the  cleavage. 
The  second  stage  {b)  is  represented  by  more  advanced  re-crystallization 
producing  an  elongate  knot  of  vein  quartz  which  has  a  sharp  contact 
with  the  massive  material.  Vein  quartz  also  occurs  in  small  pods  in 
the  granular  rock.  In  the  third  stage  (c)  vein  quartz  occurs  in  pene¬ 
trating  finger-like  veins  from  the  main  masses  of  quartz  into  the 
surrounding  rock  to  a  distance  of  18  inches  (Plate  IV).  The  relationship 
between  the  three  stages  is  obvious  and  it  follows  that,  whilst  stage 
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boudinage  formation  when  extension  of  the  central  part  of  the  structure 
took  place  consequent  on  normally  directed  pressure.  On  the  other 
hand,  the  final  penetration  of  quartz  veinlets  (c)  into  cleaved  and 
deformed  rock  must  post-date  the  movement  phase.  The  elongation 
of  the  knot  of  quartz  strikes  098  degrees,  which  direction  is  within 
3  degrees  of  the  strike  of  a  set  of  strong  shear  joints,  and  an  associated 
origin  must  be  assumed. 

Discussion 

Read  (1934),  described  boudins  from  Nor  Wick,  oriented  with  the 
boudin  separation  down  dip  and  the  length  of  the  barrel-shaped  section 
parallel  to  the  strike.  The  origin  was  stated  to  be  due  to  strikewise 
stretching  caused  by  compression  at  right  angles,  arising  from  a  major 
dislocation.  Similarly  oriented  boudins  are  mentioned  by  Walls 
(1937)  and  Wegmann  (1932).  The  former  described  down-dip  boudins 
from  Aberdeenshire  and  implied  boudinage  in  two  directions  similar 
to  that  described  by  Wegmann  from  the  Bastogne  region  of  the 
Ardennes.  These  cases,  with  the  West  Cork  examples,  indicate  that 
boudinage  and  elongation  of  a  competent  bed  may  be  brought  about 
in  either  of  two  ways;  (1)  by  extension  of  the  limb  during  folding, 
and  (2)  by  compression  normal  to  the  plane  of  the  bed.  The  former  is 
more  commonly  described;  the  second  process  can  normally  only 
apply  where  beds  have  been  isoclinally  folded,  or  as  a  result  of  extension 
parallel  to  the  fold  axis  during  cleavage  folding.  An  unusual  example 
of  boudinage  of  the  second  type  has  been  described  by  Akaad  (1956) 
from  the  northern  aureole  of  the  Ardara  pluton,  where  normally 
directed  pressure  resulted  from  emplacement  distension  of  a  granite 
body.  In  the  heterogenous  rocks  of  the  aureole  boudinage  was  found 
to  have  irregular  orientation  within  planes  parallel  to  the  contact  of 
the  pluton. 

The  problem  of  the  orientation  of  the  boudins  in  any  area  has  been 
discussed  by  Scheidegger  (1958)  who  explains  that  confining  pressure 
in  one  direction  normal  to  the  directed  pressure  will  permit  stretching 
in  the  second  normal  direction,  tension  being  created  in  the  competent 
layer  by  the  drag  force.  From  this  it  follows  that  in  the  case  of  the 
Nor  Wick  boudins  vertical  confining  forces  permitted  strike-wise 
extension,  whilst  Walls’  example  from  Pittulie  (Aberdeen)  and  Weg- 
mann’s  from  Bastogne  show  two-dimensional  stretching  of  the  com¬ 
petent  layer  resulting  from  equal  vertical  and  horizontal  confining 
pressure.  In  West  Cork  two-dimensional  stretching  is  found,  but  the 
relative  development  shows  that  horizontal  confining  pressure  was 
less  than  vertical  confining  pressure. 

The  size  and  shape  of  boudins  have  been  discussed  particularly  by 
Ramberg  (1955),  whose  views  that  lens  and  rectangular  cross-sections 
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are  functions  respectively  of  slight  and  considerable  differences  in 
competency  are  confirmed  by  the  evidence  from  West  Cork.  The  lens 
form  is  most  strikingly  exhibited  in  the  silt  succession  at  Relane  Point, 
whereas  almost  rectangular  forms  can  be  seen  south  of  Black  Rock 
(locality  8)  and  near  Quarry  Point  (locality  5)  where  intruded  rocks 
form  the  competent  layers  in  silts  or  slates. 

Ramberg  has  explained  that  the  size  of  boudins  must  be  a  function  of 
the  tensile  stress  built  up  in  the  rock  and  dependent  on  a  number  of 
variables.  Of  these  variables  only  length  and  width  of  boudins  can  be 
accurately  measured  in  the  field,  but  relative  strength  can  be  estimated, 
or  deduced  from  the  shape  of  the  boudins  in  section.  Thus,  the  length 
to  width  ratio  should  theoretically  be  constant  where  equal  forces  have 
acted  on  uniform  beds.  This  is  not  found  to  be  the  case  in  West  Cork, 
where  the  length  of  boudins  in  a  uniform  two  feet  thick  sandstone  bed 
(locality  1)  varies  from  2  ft.  3  in.  to  S  feet.  Similarly  in  this  sandstone/ 
shale  sequence  the  ratio  length  to  width  varies  from  bed  to  bed,  from 
5: 1  to  2: 1.  However,  Ramberg's  generalization  that  long  boudins 
are  thick  and  short  boudins  thin  seems  to  apply  to  West  Cork. 

Many  authors  have  described  cross  veins  of  quartz  or  calcite  asso¬ 
ciated  with  boudinage  structure.  It  has  generally  been  assumed  that 
the  appropriate  mineral  separates  from  the  competent  bed  (to  which 
the  segregations  are  generally  confined).  £>e  Sitter  (1956)  describes  an 
example  in  which  calcite  and  quartz  have  segregated  from  a  limestone 
bed  with  chert,  and  equally  conclusive  examples  of  the  origin  of  the 
segregated  mineral  from  within  the  competent  bed  can  be  seen  in  the 
siltstones  at  Relane  Point  (locality  6)  described  above.  The  lens-shaped 
boudins  have  oblique  veins  of  quartz  in  irregular  masses,  with  associated 
zones  of  re-crystallization,  whilst  the  more  rectangular  boudins  have 
thin  wedge-shaped  veins  oriented  nearly  normal  to  the  length  of  the 
boudins  and  tapering  from  the  outer  surfaces  of  the  competent  bed 
towards  the  centre.  The  latter  type  results  from  the  infilling  of  tension 
joints  as  the  bed  is  moulded.  The  oblique  segregations  lie  parallel 
to  a  set  of  shear  joints,  which  are  also  products  of  horizontally  directed 
pressure  normal  to  the  beds.  The  size  of  the  boudins  and  the  orienta¬ 
tion  of  the  segregations  may  have  been  determined  by  the  intersection 
of  these  joints  with  the  boudined  bed. 


Conclusions 

Boudinage  results  from  the  elongation  or  stretching  of  a  relatively 
competent  bed  between  incompetent  beds,  but  two  distinct  types  can 
be  defined.  These  are  (1)  extension  produced  on  the  limbs  of  folds 
during  folding  (with  boudin  axes  in  b)  and  (2)  extension  normal  to  the 
direction  of  pressure,  when  extension  may  be  either  (a)  in  the  strike 
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direction  with  the  long  axes  of  boudins  lying  in  the  dip  direction,  or  {b) 
in  the  plane  containing  the  dip  direction  with  boudin  axes  similar  to  (1). 

Studies  in  West  Cork  show  that  the  Coomhola  series  was  subjected 
to  at  least  two  main  phases  of  deformation  separated  by  a  phase  of 
emplacement  of  minor  intrusions.  Deformation  of  the  intrusions  shows 
that  boudinage  development  occurred  during  a  late  stage  of  cleavage 
folding.  It  is  predominantly  of  type  2a  (with  distension  in  the  strike 
direction)  with  a  subordinate  development  of  type  2b. 

My  thanks  are  due  to  Professor  W.  D.  Gill  and  to  Dr.  D.  L.  Dineley 
for  critical  reading  of  the  manuscript. 
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EXPANATION  OF  PLATE  IV 
(a)  and  (b). — Lens  shaped  boudins  at  Locality  6. 

(c). — String  of  9  boudins  at  Locality  6. 

(</)• — Re-crystallization  and  segregation  at  Locality  6. 
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Plate  IV. 
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Culm  Stratigraphy  and  the  Age  of  the  Main  Orogenic 
Phase  in  Devon  and  Cornwall 

By  Scott  Simpson 

Abstract 

The  major  stratigraphic  divisions  of  the  Carboniferous  rocks  of 
Devon  and  Cornwall  are  characterized  and  new  terms  sug^ted  to 
replace  those  of  W.  A.  E.  Ussher.  It  is  shown  that  there  is  in  South 
Devon  and  Cornwall  a  major  unconformity  separating  an  uncleaved 
group  of  post-oro^nic  Carboniferous  strata  (Ugbrooke  Group)  from 
underlying  Devonian  and  Carboniferous  with  slaty  cleavage.  It  is 
argued  that  the  Ugbrooke  Group  is  younger  than  any  strata  hitherto 
thought  to  be  present  in  the  Carboniferous  of  South-West  England, 
and  that  the  major  orogeny  is  either  Malvemian  or  Asturic  in  age. 

Introduction 

WHEN  a  few  years  ago  the  writer  of  this  article  started  to  try  and 
discover  what  was  known  about  the  stratigraphy  and  structure  of 
South-West  England  it  became  clear  that  whereas  a  great  deal  of 
information  was  available,  particularly  on  the  maps  and  in  the  memoirs 
of  the  Geological  Survey,  yet  much  confusion  existed  and  practically  no 
valid  generalizations  could  be  made.  Since  then,  while  he  has  done  no 
systematic  work  on  the  Culm,  the  writer  has  seen  much  of  the  ground 
and  feels  he  is  in  the  position  to  dispel  some  of  the  confusion  and  to 
offer  some  new  ideas.  He  acknowledges  with  pleasure  that  he  has 
had  much  stimulation  in  the  development  of  his  ideas  from  discussions 
with  others  working  in  Devon  and  Cornwall  and  from  the  papers 
delivered  at  the  two  conferences  of  geologists  working  in  the  south¬ 
west  held  in  Exeter  in  January,  1956,  and  January,  1958. 

Nomenclature 

The  main  source  of  confusion  in  Culm  stratigraphy  arises  from 
inadequacies  of  terminology.  It  would  be  as  well  if  the  term  Culm 
were  henceforth  dispensed  with,  for  it  covers  a  great  diversity  of  rock 
and  facies  types  and  confers  a  spurious  unity  on  a  succession  which 
contains  several  major  diastrophic  transformations.  Its  only  value 
is  in  providing  a  shorthand  word  for  Carboniferous  of  South-West 
England,  and  even  this  is  unsatisfactory  as  the  Carboniferous  part  of 
the  Pilton  Beds  is  usually  excluded  from  the  Culm. 

The  twofold  division  of  the  Culm  used  in  the  South-West  England 
volume  of  the  Geological  Survey’s  British  Regional  Geology  is  derived 
from  the  Survey’s  Tavistock  and  Launceston  memoir.  It  is  completely 
at  variance  with  Ussher’s  (1887)  threefold  division  which,  in  revised 
form,  is  used  in  the  Exeter,  Newton  Abbot,  Ivybridge  and  Modbury, 


OIOL.  MAO.  VOL.  XCVl  NO.  3 


19 


202 


Scott  Simpson — 


and  Plymouth  and  Liskeard  memoirs.  The  Upper  Culm  of  the  Tavis¬ 
tock  and  Launceston  memoir  corresponds  approximately  with  the 
Middle  and  Upper  Culm  of  Ussher. 

Ussher’s  classification  of  the  Culm  strata  went  through  various 
modifications  before  reaching  its  mature  form  as  set  out  in  his  paper 
in  the  Transactions  of  the  Institution  of  Mining  Engineers  of  1901 
(p.  362).  But  this  final  version  was  employed  in  all  the  Survey  memoirs 
for  which  he  was  responsible.  It  is  most  unfortunate  that  Ussher  should 
not  have  been  concerned  with  the  production  of  the  Tavistock  and 
Launceston  map  and  memoir,  for  these  describe  the  key  area  linking 
the  main  Culm  tract,  which  only  Ussher  knew,  with  the  outliers  on  the 
south  and  east  which  he  had  mapped.  It  is  still  more  unfortunate  that 
Ussher’s  classification,  based  as  it  was  on  his  unique  knowledge  of 
the  Culm,  was  rejected  and  ignored. 

The  units  of  Ussher's  classification  are  conceived  in  facies  terms  and 
he  says  (1901,  p.  361)  that  it  is  the  natural  grouping  best  adapted  for 
tracing  out  structure.  He  explicitly  states  (1892,  pp.  117-118)  that  he 
conceives  lateral  transitions  between  his  different  units  as  possible. 
Since  Ussher's  time  some  progress  has  been  made  in  dating  certain 
formations  within  the  Culm,  but  detailed  local  successions  are  still  not 
available  and  it  is  still  only  possible  when  we  generalize  to  pick  out 
certain  major  facies  units  which  we  can,  however,  describe  in  more 
up-to-date  terms.  These  do  in  fact  correspond  quite  closely  to  those  of 
Ussher,  and  the  table  which  follows  shows  the  relation  of  the  strati- 
graphical  units  as  here  described  to  those  of  Ussher. 


USSHER  1901  THIS  PAPER 


Upper  Culm  Eggesford  Grits'] 


Middle  Culm 


Lower  Culm 


Morchard  TypeJ 
and 

Ugbrooke  Type  - 
Exeter  Type 
Limestone  Series 
Coddon  Hill  Beds 
Basement  Beds 


=  Ugbrooke  Group 
= Central  Devon  Group 

=Greywacke  Group 
=  Limestone  and  Chert  Group 
=  Argillaceous  Group 


The  Succession 

Argillaceous  Group.  The  Upper  Pilton  Beds  of  North  Devon 
(Goldring,  1955)  and  Somerset,  like  the  Yeolmbridge  Beds  of 
Launceston  (Selwood,  unpublished),  are  predominantly  slates  with 
subordinate  sandstone  and  thin  chert  and  are  of  trough  facies  with 
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Gattendorfia  and  proetid  trilobites.  They  are  probably  the  Basement 
Beds  of  Ussher. 

Limestone  and  Chert  Croup.  This  constitutes  the  rest  of  Ussher’s 
Lower  Culm  above  the  Basement  Beds  and  includes  such  local  named 
formations  as  the  Coddon  Hill  Cherts  and  the  Venn  Limestone. 
The  fauna  consisting  of  Posidonia  and  goniatites  suggests  that  trough 
conditions  persist.  Faunas  show  late  Visean  to  be  represented.*  Ex* 
cept  that  the  limestones  are  thicker  and  lithologically  more  varied  in 
the  north-east  at  Westleigh,  the  lithology  is  very  uniform  across  the 
whole  area. 

Greywacke  Group.  A  very  thick  series  of  greywackes  (in  the  sense 
of  muddy  sandstones,  often  graded)  and  slates  is  widely  present  and  is 
seen  near  Bideford,  Crackington  Haven,  Okehampton  and  elsewhere. 
It  is  generally  completely  unfossiliferous  and  shows  sedimentary 
structures  which  suggest  a  close  comparison  with  the  Aberystwyth 
Grits  and  imply  deposition  by  turbidity  currents.  The  well-known 
Namurian  goniatite  localities  of  Exeter  (Collins,  1911),  Fremington 
(Moore,  1926),*  and  the  coast  near  Crackington  Haven  (Owen,  1947) 
appear  to  belong  to  this  formation.  Both  in  North  and  South  Devon 
it  outcrops  in  close  proximity  to  the  Chert  and  Limestone  Group  and 
would  appear  to  overlie  it  stratigraphically.  It  is  the  Exeter  type 
Culm  Measures  of  Ussher. 

Central  Devon  Group.  More  massive  sandstones  than  those  usual 
in  the  Greywacke  Group  have  a  wide  distribution  in  the  central 
Culm  area.  It  is  possible  that  more  than  one  type  of  facies  is  present. 
The  writer  has  little  personal  knowledge  of  the  outcrops  and  contents 
himself  with  observing  that  in  part  these  rocks  appear  to  be  of  normal 
Coal  Measure  lithology,  as  near  Bideford.  Here  anthracite  is  present, 
there  is  an  associated  early  Westphalian  flora  (Arber,  1905,  1907  and 
Crookall,  1930)  and  non-marine  lamellibranchs  of  the  lenisulcata  and 
communis  zones  (B.  Simpson,  1933)  have  been  found.  These  are  the 
youngest  Carboniferous  fossils  yet  identifled  in  South-West  England. 
Ussher  called  these  rocks  Morchard  type  Culm,  and  distinguished  them 
from  what  he  believed  was  an  overlying  series  of  still  more  massive 
sandstones  which  he  called  Eggesford  type  Culm.  The  validity  of  this 
distinction  is  doubtful  and  until  more  detailed  studies  are  available 
it  is  preferable  not  to  subdivide  the  Central  Devon  Group  which 
must  be  regarded  as  a  very  thick  succession  of  strata  with  facies  similar 

*  In  a  paper  read  to  the  Geological  Society  of  London  on  11th  February, 
1959,  Dr.  J.  E.  Prentice  shownl  that  goniatite  and  trilobite  faunas  present 
in  the  cherts  south-west  of  Barnstaple  range  in  age  from  Zone  II  of  the 
German  succession  to  early  P,. 

'  Dr.  Prentice  shows  that  the  goniatites  of  Moore’s  locality  occur  in  100  ft. 
of  fine-grained  sediments  intercalated  between  the  cherts  arid  the  greywackes 
(see  previous  footnote). 


L 


204 


Scott  Simpson — 


to  the  Millstone  Grit  of  the  Central  Pennines  as  well  as  of  more  typical 
Coal  Measure  type. 

Ugbrooke  Group.  In  the  central  and  southern  parts  of  the  Geological 
Survey’s  Tavistock  one-inch  sheet  (337),  as  for  instance  in  the  Inny 
valley  north  of  Stoke  Climsiand  and  between  Callington  and  St. 
Dominick,  coarse  feldspathic  sandstones  and  fine  conglomerates  with 
thick  beds  of  dark  shale  containing  plant  fragments  occur  widely. 
The  authors  of  the  Tavistock  and  Launceston  memoir  failed  to  make 
any  distinction  between  them  and  strata  belonging  to  the  Greywacke 
Group  which  occur  on  the  same  sheet,  treating  both  as  Upper  Culm. 
But  Ussher,  when  he  saw  the  same  strata  where  they  extend  into  the 
northern  part  of  the  Plymouth  sheet  (348),  clearly  distinguished  them 
from  his  Exeter  type  Culm  and  compared  them  with  the  conglomeratic 
beds  at  Ugbrooke  Park  east  of  Dartmoor.  For  reasons  given  below 
the  strata  in  question  are  taken  to  be  contemporaneous  with  Ussher’s 
Ugbrooke  Beds  (or  type).  They  are,  however,  as  will  be  shown,  not 
lateral  equivalents  of  either  Ussher’s  Exeter  or  Morchard  types,  but 
are  younger  than  both  and  perhaps  younger  than  anything  preserved 
in  the  central  Devon  area. 

The  Major  Unconformity 

The  presence  of  conglomerates  containing  derived  fragments  of 
chert  in  a  series  of  sandstones  and  shales  with  plant  remains  at 
Ugbrooke  Park  near  Chudleigh  and  in  the  country  immediately  south¬ 
west  of  Newton  Abbot  led  Godwin- Austen  (1842)  to  postulate  an 
unconformity  between  the  Culm  and  the  Devonian  of  South  Devon. 
At  Connator  Hill  Quarry,  Godwin-Austen  described  a  basal  conglo¬ 
merate  with  pebbles  derived  from  immediately  underlying  Devonian 
limestone.  Ussher  (1892)  accepted  the  reality  of  the  unconformity 
though  he  was  unable  to  find  the  conglomerate  at  Connator  Hill 
Quarry.  He  introduced  the  name  Ugbrooke  Beds  and  expressed  the 
opinion  that  they  were  lateral  equivalents  of  either  his  Exeter  type  or 
Morchard  tyfie  Culm  Measures.  On  balance  he  thought  that  the 
correct  correlation  was  with  the  Morchard  type  and  that  Exeter  type 
Culm  had  been  eroded  to  provide  some  of  the  arenaceous  material 
in  the  Ugbrooke  Beds. 

Ussher  (1907  and  1909)  was  equally  clear  that  a  comparable  un¬ 
conformity  separated  the  Culm  sandstones  of  St.  Mellion  in  Cornwall 
from  the  underlying  Upper  Devonian.  However,  in  the  area  immediately 
to  the  north  on  the  Tavistock  sheet,  C.  Reid  and  others  (1911), 
while  they  recognized  the  possibility  of  an  unconformity  between  their 
Lower  and  Upper  Culm,  were  more  impressed  by  the  possibility 
of  an  unconformity  of  some  magnitude  being  present  at  the  base  of 
their  Lower  Culm.  But  on  the  whole  they  were  inclined  to  interpret 


Culm  Stratigraphy 


205 


the  apparently  transgressive  relations  of  the  Culm  outcrops  as  dis¬ 
played  on  the  map  to  major  low-angled  thrusts. 

It  has  now  become  clear  from  the  discoveries  of  R.  Goldring  (1955) 
and  E.  B.  Selwood  (unpublished)  of  strata  of  highest  Devonian  and 
lowest  Carboniferous  age,  both  in  North  Devon  and  in  Cornwall,  that 
the  presumed  hiatus  at  the  base  of  the  Culm  is  an  illusion.  Moreover 
although  faunas  of  age  intermediate  between  Gattendorfia  and  Gonia- 
tites  spirale  have  not  yet  been  found,*  the  presumably  pelagic  character 
of  both  the  faunas  mentioned,  and  the  complete  absence  of  any  but 
fine-grained  clastic  and  chemical  sediments  in  the  succession  con¬ 
taining  them,  makes  it  appear  highly  improbable  that  any  significant 
phase  of  normal  uplift  and  denudation  can  occur  within  the  Dinantian 
Culm.  Moreover  the  tectonic  conceptions  of  Reid  and  Dewey  involve 
southerly  thrusting  which  is  quite  at  variance  with  the  general  tectonic 
pattern  throughout  South-West  England  and  with  the  detailed  results 
of  Wilson  (1951)  at  Tintagel.  Also  the  thrusting  carries  only  younger 
rocks  on  to  older.  These  two  considerations  have  always  made  the 
tectonics  of  C.  Reid  unacceptable  to  the  writer. 

Clearly  both  the  age  of  the  unconformity  beneath  the  Ugbrooke 
Beds  and  the  extent  of  the  deformation  caused  by  the  diastrophism 
which  produced  it  are  matters  of  the  greatest  interest.  One  wonders 
whether  or  not  there  is  here  an  expression  of  the  Sudetic  orogeny 
which  is  supposed  to  be  responsible  for  most  of  the  major  structures 
of  the  Devonian  and  Lower  Carboniferous  rocks  south  of  the  paralic 
coal-basins  of  Germany.  The  answer  must  be  sought  in  the  areas 
immediately  north  of  Ugbrooke  Park  and  St.  Mellion  where  the 
unconformity  ought  to  be  discovered  in  its  relation  to  the  Greywacke 
and  Central  Devon  Groups.  Thus  the  critical  areas  are  the  Teign 
valley  north  of  Chudleigh  and  the  country  between  Dartmoor  and 
Bodmin  Moor.  Mapping  that  is  at  present  under  way  in  both  areas 
should  in  due  course  give  definite  answers ;  meanwhile  a  most  valuable 
indication  of  what  these  answers  will  be  is  provided  by  a  consideration 
of  the  distribution  of  cleavage  in  the  Culm  rocks. 

The  Rocks  Without  Slaty  Cleavage 

Though  not  readily  discoverable  from  the  literature  it  is  a  fact 
probably  known  to  most  geologists  well  acquainted  with  Devon  and 
Cornwall  that  the  Devonian  argillaceous  rocks  everywhere  in  the  two 
counties  show  a  well- developed  slaty  cleavage.  This  cleavage  extends 
into  the  Carboniferous  southwards  from  the  Pilton  Beds  of  North  Devon 
and  also  northwards  from  the  Devonian  of  Tintagel  and  South  Pether- 
win.  But  in  the  latitude  of  Bude,  and  for  some  miles  to  the  north  and 
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south,  a  broad  band  extends  from  the  Cornish  coast  to  the  New  Red 
Sandstone  near  Tiverton  in  which  slaty  cleavage  is  totally  absent, 
and  even  fracture  cleavage  is  local  and  limited,  in  spite  of  the  tight 
folding  universally  present.  There  is  no  evidence  of  an  unconformity 
separating  the  cleaved  from  the  uncleaved  rocks  and  it  is  probable  that 
in  the  centre  of  the  synclinorium  the  outcropping  rocks  were  never 
deeply  buried,  while  to  north  and  south  lower  tectonic  horizons  out¬ 
crop  with  a  progressive  increase  of  metamorphism. 

But  there  is  a  fact  certainly  not  discoverable  from  the  literature 
and  perhaps  never  before  appreciated,  namely  that  the  argillaceous 
rocks  in  the  Ugbrooke  Group  although  occurring  well  within  the 
southern  region  of  slaty  cleavage,  and  although  often  outcropping 
within  a  few  yards  of  Carboniferous  or  Devonian  slates,  themselves 
never  possess  slaty  cleavage.  The  authority  for  this  statement  is  the 
writer’s  own  observation  at  the  following  localities :  quarry  at  north¬ 
east  corner  of  Ugbrooke  Park,  roadside  section  in  lane  to  East 
Ogwell  from  Newton  Abbot-Totnes  road,  old  quarries  in  wood  above 
River  Tamar  due  west  of  Bere  Alston  station  and  railway  cutting 
i  mile  south-west  of  same  station,  stream  section  and  small  quarry 
between  Axford  and  Westcott  H  miles  south-south-east  of  Callington, 
quarry  and  roadside  sections  north  and  south  of  Woodbridge  on  the 
Inny,  lane-side  section  near  Tresibbett  \  mile  north  of  Altemun  on  the 
north-east  flank  of  Bodmin  Moor.  In  addition  Mr.  R.  D.  Morton 
and  Mr.  D.  Osborne,  who  are  working  in  the  central  Teign  Valley,  have 
told  the  writer  that  they  have  noticed  the  absence  of  slaty  cleavage 
in  Culm  rocks  north  of  Chudleigh,  and  Mr.  A.  Horton  of  Exeter 
has  noticed  the  same  thing  about  the  outlier  at  Bishopsteignton. 

Age  of  the  Orogeny 

The  main  Varsican  orogenetic  phase  in  South  Devon  and  Cornwall 
is  thus  older  than  the  Ugbrooke  Group.  Unfortunately  no  fossil 
evidence  is  yet  available  to  date  the  Group,  but  it  must  be  older  than 
the  Permian  basal  New  Red  Sandstone  which  almost  certainly  overlies 
it  in  the  central  Teign  Valley. 

On  the  other  hand  the  orogenesis  is  certainly  post-Sudetic.  The 
Greywacke  Group  is  fully  involved  in  all  the  complex  recumbent 
structures  which  can  be  seen  in  the  coast  south  of  Crackington  Haven 
(D.  Ashwin,  unpublished  thesis)  and  in  the  country  near  Launceston 
and  to  the  south.  Clear  evidence  is  provided  by  an  outcrop  of  typical 
Greywacke  Group  with  good  slaty  cleavage  seen  in  a  quarry  and  neigh¬ 
bouring  road  section  near  the  foot  of  the  hill  north  of  Corneal  and 
H  miles  due  east  of  Callington;  totally  uncleaved  Ugbrooke  Group 
shales  outcrop  close  to  the  south-west. 

It  is  very  improbable  that  a  major  orogeny  occurred  in  this  area 
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before  the  end  of  the  Ammanian,  for  at  least  some  indication  of  it 
should  then  be  present  in  the  stratigraphy  of  the  South  Wales  and 
Bristol  areas.  The  earliest  relevant  orogenic  phase  discoverable  in 
these  areas  is  the  Malvemian,  and  although  the  deformation  produced 
in  them  by  this  episode  is  not  great  it  is  quite  conceivable  that  the 
intensity  of  deformation  increased  southwards  into  the  main  sedi¬ 
mentary  trough.  However  the  main  phase  of  deformation  to  the  north 
is  the  post-Upper  Coal  Measures  thrusting  which  carried  Carboni¬ 
ferous  Limestone  on  to  Upper  Coal  Measures  north  of  the  Mendips, 
and  is  usually  referred  to  as  Asturic. 

In  the  present  state  of  our  knowledge  we  cannot  say  whether  there 
has  been  only  one  major  orogenic  phase  covering  the  whole  of  the 
Palaeozoic  area  of  West  Somerset,  Devon,  and  Cornwall,  or  two,  an 
earlier  limited  to  the  southern  part,  and  a  later  replacing  it  to  the 
north.  Thus  there  are  three  possibilities  to  be  investigated,  the  im¬ 
plications  of  which  are  now  noted. 

(1)  Malvemian  orogenesis  alone.  The  Ugbrooke  Group  could  be 
of  Pennant  Sandstone  age  and  part  of  the  same  depositional  episode. 
(This  was  suggested  by  Summervaile  (1898)  though  without  supporting 
evidence — it  must  be  considered  an  inspired  guess).  Since  no  unfolded 
Culm  rocks  are  known  in  the  Central  or  North  Devon  areas  it  would 
follow  that  the  Ugbrooke  Group  has  been  removed  by  denudation 
from  the  area  north  of  its  known  outcrops. 

(2)  Asturic  orogenesis  alone.  The  Ugbrooke  Group  would  be  the 
youngest  Carboniferous  sediments  occurring  south  of  the  Midlands 
and  might  be  the  deposits  of  an  internal  basin  comparable,  for  instance, 
with  that  of  the  Saar. 

(3)  Malvemian  orogenesis  in  the  south,  Asturic  in  the  north. 
The  Ugbrooke  Group  could  be  of  Morganian  or  Stephanian  age,  but 
if  the  former  it  could  be  a  Pennant  equivalent,  as  in  the  first  cas".  con¬ 
sidered,  with  the  difference  that  it  might  also  be  present  in  the  Central 
Devon  area  folded  together  with  the  more  or  less  unconformably 
underlying  Central  Devon  Group. 

Age  of  the  Granites 

It  is  a  remarkable  fact  that  the  quite  unmetamorphosed  Ugbrooke 
Group  occurs  in  very  close  proximity  to  the  aureole  rocks  of  the 
granites,  as  east  of  Dartmoor  in  the  Central  Teign  Valley,  near  Calling- 
ton  south  of  Kit  Hill  and  near  Altamun  east  of  Bodmin  Moor.  In  the 
last  area  the  soft  black  shales  actually  occur  well  within  the  area  of 
the  aureole  as  may  be  seen  from  the  Tavistock  Geological  Survey 
map.  It  is  of  course  possible  that  the  Ugbrooke  Group  here  is  faulted 
down  into  the  aureole,  but  there  remains  a  strong  probability  that  the 
Group  is  of  post-granite  intrusion  age. 
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Sequence  and  Structure  in  the  Silurian  Rocks  of 
Kirkcudbrightshire 

By  G.  Y.  Craig  and  E.  K.  Walton 


Abstract 

The  generally  accepted  interpretation  of  the  structure  of  the 
Southern  Uplands  has  been  that  of  an  anticlinorium  to  the  north¬ 
west  flanked  by  a  synclinorium  to  the  south-east.  This  structure, 
however,  has  always  been  illustrated  as  one  large  anticlinorium  since 
the  Hawick  rocks  in  the  core  of  the  synclinorium  have  been  con¬ 
sidered  to  be  older  than  the  Riccarton  (Wenlockian)  Beds  which  lie 
to  the  south.  In  Kirkcudbrightshire,  a  reverse  age  relationship  is 
demonstrated  with  the  result  that  the  beds  could  in  fact  form  the 
southern  limb  of  the  synclinorium.  When  this  is  shown  to  be  the 
case  doubts  are  thrown  on  the  validity  of  the  fold  and  two  alternative 
interpretations  are  given. 

I.  Historical  Review 

For  some  eighty  years  it  has  been  generally  accepted  that  the  struc¬ 
ture  of  the  Lower  Palaeozoic  rocks  in  the  Southern  Uplands  of 
Scotland  is  essentially  that  of  an  anticlinorium  to  the  north  running 
along  a  line  from  Dunbar  to  Portpatrick,  followed  to  the  south-east  by 
a  synclinorium  whose  axis,  known  as  the  Hawick  Line,  extends  from 
St.  Abbs  Head  to  the  Mull  of  Galloway  by  way  of  Hawick  (Text-fig.  2, 
inset).  The  Hawick  synclinorium  is  usually  considered  to  be  a  major 
fold  20  to  25  miles  in  width  and  at  least  ISO  miles  in  length.  Although 
at  first  believed  to  be  an  anticline  it  was  latterly  interpreted  as  a  syn¬ 
clinorium  by  Lapworth  who  was  supported  in  this  view  by  Peach  and 
Home.  Both  interpretations,  however,  are  internally  inconsistent,  the 
synclinorium  of  the  text  being  illustrated  in  sections  by  either  an  anti¬ 
clinorium  or  one  limb  of  an  anticlinorium.  A  perusal  of  the  historical 
development  of  this  curious  inconsistency  shows  how  near  they  came 
to,  and  yet  how  far  they  were  from,  what  we  now  believe  to  be  the 
correct  interpretation  of  the  structure  to  the  south  of  the  Hawick 
Line.  This  interpretation  is  based  on  the  remapping  of  a  critical  area 
of  Silurian  rocks  to  the  west  and  south-west  of  the  town  of 
Kirkcudbright. 

Harkness  (1851)  was  the  first  to  record  the  presence  of  this  axis. 
He  observed  that  the  dips  on  the  south  side  of  the  porphyritic  intrusions 
of  Kirkcudbright  were  southward,  and  on  the  north  side  to  the  north- 
north-west.  On  the  south  side  the  prevalent  southerly  dips  could  be 
traced  as  far  as  Lockerbie  and  appeared  to  continue  north-eastwards. 
From  these  facts  Harkness  concluded  that  the  structure  was  that  of  an 
anticline  whose  axis  ran  ENE-WSW  and  he  attributed  its  formation  to 
the  granite  intrusion  of  Criffel.  Murchison  in  the  same  year,  however. 
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claimed  that  he  had  suggested  the  idea  of  an  anticline  to  Harkness  and 
one  can  sense  that  some  friction  existed  between  them. 

Geikie  (1871)  supported  the  hypothesis  of  an  anticline  and  Lapworth 
(1874)  himself  wrote  that  the  oldest  beds  of  the  Southern  Uplands, 
Cambrian  and  Lower  Silurian  [i.e.  Ordovician],  were  exposed  in  the 
core  of  this  anticline.  Yet  in  1876  Lapworth  bluntly  and  inexplicably 
reversed  his  judgment  with  the  statement  that  the  Hawick  rocks  which 
crop  out  along  the  axis  were  the  youngest  of  the  Middle  [i.e.  Lower] 
Silurian  and  were  covered  to  the  south  by  the  Balmae  Beds  of  Wenlodc 
age.  The  inference  is  plain  that  in  Lapworth’s  opinion  the  anticline 
did  not  exist.  Thirteen  years  later  Lapworth  asserted  that  for  many 
years  it  had  been  acknowledged  on  all  hands  that  there  are  two  main 
structures  in  the  Southern  Uplands,  a  pseudo-anticline  (or  syn- 
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Text-ho.  1. — Section  across  the  synclinorium  of  the  Southern  Uplands 
(after  Lapworth,  1889,  Fig.  1). 

clinorium)  to  the  south  where  the  axial  planes  of  the  isoclinal  folds  dip 
outwards  from  the  main  axis  (the  Hawick  Line),  and  to  the  north  a 
pseudo-syncline  where  the  axial  planes  dip  inwards.  The  rocks  of  the 
pseudo-anticline  dip  below  the  Wenlock  on  the  southern  limb. 

Lapworth  was  probably  less  confident  when  it  came  to  constructing 
a  section  across  his  pseudo-anticline.  The  two  essential  features  of  a 
pseudo-anticline  as  defined  by  him  (1889,  p.  62)  were  that  the  axial 
planes  of  the  minor  folds  should  slope  obliquely  outwards  from  a 
neutral  line  and  that  the  highest  [i.e.  youngest]  beds  should  be  found 
“  in  the  folds  of  the  inverted  fan  structure  ”.  The  latter  phrase  is 
perhaps  made  more  clearly  understandable  by  substituting  “core” 
for  “  folds  ”  and  by  studying  the  illustrations  in  his  1883  paper  (PI.  5, 
Figs.  8  and  9).  In  Lapworth’s  sections  across  the  Hawick  pseudo¬ 
anticline  (1889,  Fig.  1,  here  reproduced  in  part  as  Text-fig.  1),  the 
axial  planes  of  the  folds  certainly  dip  outwards  from  a  neutral  line  but 
the  older  beds  and  not  the  younger  occupy  the  supposed  core  of  the 
complex  fold.  Indeed  the  fold,  such  as  it  is,  is  an  anticline. 

Obviously  inspired  by  Lapworth,  Peach  and  Home  (1899)  con- 
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stnicted  similar  although  somewhat  more  elegant  sections  across  the 
Hawick  Line.  They  too  described  the  fold  as  a  pseudo-anticline. 

Thus  we  have  the  odd  sittiation  of  a  stated  case  for  a  synclinorium 
that  structurally  cannot  exist  so  long  as  the  Hawick  rocks  are  judged 
to  be  older  than  the  Riccarton  beds.  As  recently  as  1948  Pringle 
accepted  this  impossible  interpretation  of  a  synclinorium.  The  sole 
stumbling  block  which  prevented  Lapworth  from  seeing  the  true 
picture  was  the  fact — and  it  is  a  fact — that  the  Hawick  rocks  dip 
below  the  Riccarton  beds.  From  this  he  deduced,  wrongly,  that  the 
Hawick  rocks  were  the  older.  Yet  it  is  clear  that  Lapworth  imderstood 
that  the  Law  of  Superposition  does  not  necessarily  hold  in  highly 
folded  regions  as  witnessed  by  his  statement  (1889,  p.  61)  that 
“. . .  the  apparent  dip  of  the  truncated  strata  seen  in  section  gives  no 
clue  whatever  to  the  natural  succession  of  the  beds  ”.  His  mistaken  view 
of  the  order  of  succession  of  the  Hawick-Riccarton  rocks — for  such  we 
believe  it  to  be — is  almost  certainly  due  to  the  absence  of  graptolites  or 
other  diagnostic  fossils  in  the  Hawick  rocks.  It  is  in  fact  the  only 
major  formation  in  the  Southern  Uplands  in  which  graptolites  have 
not  yet  been  found. 

For  eighty  years  then  the  written  interpretation  of  the  Southern 
Uplands  as  an  anticlinorium  to  the  north-west  and  a  synclinorium 
to  the  south-east  has,  in  the  more  precise  diagrams,  been  reduced  to  one 
large,  complex  anticlinorium. 

11.  Riccarton-Hawick  Relations 
Silurian  rocks  crop  out  almost  continuously  in  magnificent  coastal 
sections  from  about  a  mile  south  of  the  town  of  Kirkcudbright  south¬ 
wards  to  the  headland  of  Meikle  Ross,  a  distance  of  some  four  miles 
(Text-fig.  2).  Thence  the  coast-line  runs  north-westwards  for  about 
ten  miles  to  the  estuary  of  the  River  Fleet  at  Gatehouse-of-Fleet. 
These  two  sections,  on  the  west  side  of  Kirkcudbright  Bay  and  on  the 
cast  side  of  Wigtown  Bay,  provide  virtually  continuous  exposures 
across  the  strike  and  have  been  mapped  on  a  25  in.  to  1  mile  scale. 

The  succession  consists  of  evenly  bedded,  arenaceous  rocks,  usually 
grcywackes  and  subgreywackes,  but  occasionally  sufficiently  well 
sorted  to  fall  into  the  orthoquartzite  group  of  Pettijohn  (1957).  Pebble 
conglomerates  are  rarely  present.  In  the  Riccarton  Beds  which  lie  in 
the  southern  part  of  the  area,  the  interbedded  fine-grained  rocks  consist 
of  pale  grey  or  greenish  siltstones,  shales  and  slates  weathering  to  a 
khaki  colour,  together  with  fairly  common,  thin  bands  of  blue-grey, 
brownish-weathering  mudstones  and  shales.  The  latter  contain  abun¬ 
dant,  though  poorly  preserved,  graptolites;  orthoceratids  are  also 
present. 

Greenish-grey  siltstones,  shales,  and  slates  also  separate  the  grey- 
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Text-ho.  2. — Sketch  map  of  the  Kirkcudbright  area.  Inset — ^The  South  of 
Scotland  showing  the  position  of  the  axes  of  the  anticlinorium  and 
the  synclinorium. 

wackes  of  the  Hawick  rocks.  In  this  group,  however,  there  are  no 
graptolite  bands.  Instead,  reddish-brown  or  purple-brown  shales 
occur.  Apart  from  worm  tracks  and  occasional  specimens  of  Palaeo- 
dictyon  no  fossils  have  been  foimd  in  these  rocks. 

Sedimentary  features  are  abundant  and  have  been  used  to  determine 
the  direction  of  younging  (Walton,  19S6a).  Sole  markings  (Kuenen, 
1957),  such  as  groove,  flute,  and  load  casts  are  common.  Graded 
bedding  although  not  always  very  good  is  often  indicated  by  an 
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increase  in  the  development  of  cleavage  towards  the  top  of  the  bed. 
Wash-outs  occur  in  the  fine-grained  conglomerates.  In  the  siltstones, 
transverse  ripple-marks  and  associated  cross  lamination  are  abundant 
and  fine-scale,  longitudinal,  ripple-marks  (Kelling,  1958)  are  developed. 
These  and  rarer  sedimentary  criteria  have  been  the  keys  in  our  inter¬ 
pretation  of  the  structure  and  the  succession. 

Peach  and  Home  (1899)  drew  the  boundary  between  the  Hawick  and 
Riccarton  Groups  across  the  narrow  neck  of  land  between  Fauldbog 


Knockbrex 


lEXT-no.  3. — Section  from  Meikle  Ross  to  the  estuary  of  the  River  Fleet. 
Nos  1-7.— Structures  referred  to  in  text,  see  pp.  213,  214. 


and  Ross  Bays  (see  Text-fig.  2),  with  the  graptolitic  shales  lying  to  the 
south-east  and  the  reddish  shales  to  the  north-west. 

It  is  immediately  evident  from  a  traverse  across  the  NE-SW  strike 
that  the  dip  is  usually  t*'  the  south-east ;  yet  the  sedimentary  structures 
indicate  that  the  rocks  are  almost  consistently  younging  towards  the 
north-west.  The  detail  of  the  critical  section  is  shown  in  Text-fig.  3. 
North-westwards  from  Meikle  Ross  in  the  south,  abundant  structures, 
including  large  groove  casts  clearly  seen  in  the  cliffs,  indicate  younging 
northwards.  In  Slack  Heugh  Bay,  a  small  syncline  (Text-fig.  3,  No.  1) 
reverses  for  a  short  distance  this  yormging  direction,  but  it  is  followed 
within  a  few  yards  by  an  anticline  (Text-fig.  3,  No.  1).  A  larger  syn¬ 
cline  (No.  2)  occurs  some  200  yards  to  the  north-west  to  be  followed 
again  (140  yards  away)  by  an  anticline  (No.  3)  which  restores  the 
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northward  younging.  Two  small  folds — Nos.  4  and  5,  Text-fig.  3— 
again  interrupt  the  sequence  but  with  the  continuation  of  northward 
younging  the  first  of  the  red  shale  bands  soon  appears.  In  the  middle 
of  Fauldbog  Bay  a  syncline  and  then  an  anticline  (No.  6)  repeat  a 
thin  red  shale  band,  while  a  small  break  in  the  exposures  in  the  north¬ 
eastern  comer  of  the  bay  is  probably  occupied  by  a  syncline,  since  the 
younging  on  either  side  is  directed  inwardly  (No.  7).  The  last  of  the 
graptolite  bands  occurs  hereabouts;  to  the  north,  red  shales  are 
prominent  and  the  dominant  direction  of  younging  is  northwards. 
It  has  been  pointed  out  that  red  shales  and  graptolitic  shales  are  charac¬ 
teristic  of  the  Hawick  and  Riccarton  beds  respectively.  There  is, 
however,  a  zone  in  Fauldbog  Bay  in  which  both  types  of  shale  are 
present  in  the  succession.  In  these  circumstances  the  drawing  of  a 
boundary  is  arbitrary  and  we  agree  with  Peach  and  Home  in  placing 
the  line  just  to  the  north  of  the  last  graptolitic  band. 

Fortunately  it  is  possible  to  make  a  double  check  on  the  succession 
on  the  north  side  of  Ross  Bay  and  again  on  the  west  shore  of  Kirk¬ 
cudbright  Bay.  Here  again  the  beds  dominantly  young  north.  The 
amount  of  visible  faulting — and  we  emphasize  that  the  exposures  are 
continuous — is  minor  and  compares  with  its  usual  development  in 
other  parts  of  the  area. 

On  the  basis  of  these  sections  the  following  points  can  be  made 

(1)  The  Riccarton  Beds  normally  dip  southwards  but  young 

dominantly  towards  the  north. 

(2)  Whilst  it  is  tme  that  the  majority  of  the  axial  planes  of  the  folds 

dip  southwards,  the  rocks  are  rarely  folded  isoclinally.  Rather 
does  the  folding  consist  of  asymmetrical  double-fold  flexures 
with  the  syncline  invariably  on  the  south  side.  The  graptolite 
bands  are  separate  beds  rather  than  one  or  two  bands  repeated 
by  intense  folding 

For  almost  four  miles  north-westwards  along  the  coast  from  Fauld¬ 
bog  Bay  there  are  places  where  minor  individual  folds  interrupt  the 
sequence  and  others,  for  example  the  Meikle  Pinnacle  area,  where 
rapid  folding  constantly  repeats  the  same  group  of  rocks  (the  individual 
folds  are  on  too  small  a  scale  to  be  shown  on  the  section.  Text-fig.  3, 
the  zone  appearing  as  flat-lying),  but  in  general  the  succession  con¬ 
tinues  to  ascend  towards  the  north. 

In  part  of  Brighouse  Bay  the  rocks  are  more  strongly  folded  and 
fractured  than  elsewhere  and  many  of  the  fold-axes  are  vertical  or 
overturned.  These  lie  in  a  zone,  some  300  yards  in  width,  which  is 
sub-parallel  to  the  strike  and  because  of  this  trend  they  can  have  little 
effect  on  our  estimate  either  of  the  thickness  of  the  succession  or  of 
the  main  structure. 
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The  shoreline  from  Kirkandrews  Bay  northwards  to  Knockbrex  is 
referred  to  by  Peach  and  Home  (1899,  p.  215)  because  of  the  large 
number  of  folds  in  this  stretch  of  a  mile  and  a  half.  Remapping  has 
revealed  about  140  folds  in  this  section  and  some  of  the  styles  are 
illustrated  in  Text-hg.  4.  Most  of  the  folds  are  asymmetrical  with  axial 


:  e 

Text-hg.  4. — Styles  of  folding  in  the  Hawick  and  Riccarton  beds : — 

(a)  Impersistent  syncline  and  anticline. 

(b)  Isoclinal  folds  illustrating  the  use  of  the  term  faltenspiegel. 

(c)  Anticline  with  variable  plunge. 

(</)  Anticline  splitting  into  two. 

(e)  Anticline  with  variable  axial  plane. 

planes  dipping  towards  the  south-east;  some  are  symmetrical  and  a 
few  have  their  axial  planes  dipping  north-westwards.  In  the  whole  of 
the  area  so  far  studied,  about  two-thirds  of  the  folds  have  axial  planes 
dipping  to  the  south-east  at  angles  as  low  as  40°,  and  one-third  of  these 
are  isoclinal.  About  one-sixth  of  the  total  have  vertical  axial  planes, 
while  the  remainder  have  axial  planes  which  dip  towards  the  north¬ 
west.  In  the  long  skerries  of  the  shore  it  is  often  possible  to  trace  a 
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fold  several  hundred  feet  along  the  axis.  The  direction  of  the  plunge 
can  change  so  that  an  anticline  assumes  the  form  of  a  hog’s  back 
(Text-fig.4r) :  the  dip  and  the  direction  of  the  axial  plane  may  vary 
(Text-fig.  4e);  a  fold  may  split  into  two  (Text-fig.  Ad)  or  it  may  appear 
and  die  out  (Text-fig.  4a).  The  minimum  length/breadth  ratio  of  such 
a  fold  (Text-fig.  4a)  is  about  10/ 1 .  The  axial  plunges  are  low  and  some 
variation  in  direction  is  always  likely  so  that  we  could  never  be  confident 
that  a  fold  would  maintain  its  identity  along  the  strike. 

Northwards  from  Knockbrex  to  the  Fleet  there  is  a  return  to  steeply 
dipping,  northerly  younging  rocks  with  an  occasional  “  syncline- 
anticline  ”  fold  (see  Text-fig.  4a). 

Thus  in  the  area  as  a  whole  two  kinds  of  structures  occur.  The  first 
consists  of  belts  of  steeply  dipping  or  inverted  beds  with  very  few 
folds,  as  for  instance  the  Meikle  Ross  section  (Text-fig.  3).  The  second 
consists  of  belts  of  many  recurrent  folds  where  a  relatively  small  thick¬ 
ness  of  rocks  is  repeated  again  and  again.  This  second  we  have  called 
a  “  flat-lying  ”  zone  although  in  describing  these  folded  zones  it  is 
perhaps  more  precise  to  use  the  German  term  faltenspiegel.  This  term 
refers  to  the  plane  tangential  to  the  crests  of  the  folds  of  one  strati- 
graphical  horizon,  or,  in  section,  to  the  line  joining  the  fold-crests 
of  such  a  horizon  (Text-fig.  46).  Thus  in  an  anticlinorium  the  falten- 
spiegel  is  in  the  form  of  a  simple  anticline.  Similarly  in  the  zones  we 
describe  as  “  flat-lying  "  it  is  the  faltenspiegel  that  is  approximately 
horizontal. 

The  Kirkandrews-Knockbrex  section  is  one  in  which  the  faltenspiegel 
is  approximately  horizontal.  The  faltenspiegel  for  a  horizon  at  Meikle 
Ross  traced  northwards  would  have  a  monoclinal  form  and  in  the  region 
of  the  Hawick  Line  may  have  reached  a  depth  of  16,(XX)  feet. 

Such  a  line  gives  a  useful  idea  of  the  nature  of  the  large-scale  folding 
and  an  indication  of  the  cumulative  thickness  as  measured  along  the 
section.  It  is  possible,  however,  that  the  rocks  thin  north-westwards  to 
the  Hawick  axis  so  that  the  estimated  figure  does  not  represent  the 
true  depth  of  the  Riccarton  horizon  at  the  Hawick  Line. 


III.  Problems  of  Correlation 

Our  interpretation  of  the  structure  of  the  Kirkcudbright  area  as  the 
southern  limb  of  a  possible  synclinorium,  raises  the  problem  of 
correlation  of  the  rocks  to  the  south-east  and  north-west  of  the  Hawick 
Line. 

The  standard  succession  of  the  Silurian  in  the  Southern  Uplands, 
as  detailed  in  the  Southern  Uplands  Memoir  (Peach  and  Home,  1899) 
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Raeberry  Castle  Beds  Ludlow 

Riccarton  Beds  Wenlock 

Hawick  Rocks  (Ardwell  Beds)  'j 

tGrieston  Shales  |  Tarannon 

Buckholm  Grits  i'  [U.  Valentian] 

Abbotsford  Flags  j 

Birkhill  Shales  Llandovery 

[L.  Valentian] 

From  our  observations  of  the  sequence,  from  the  faunal  lists  in  the 
Southern  Uplands  Memoir  (Peach  and  Home,  1899),  and  from  our 
own  fossil  collecting,  it  is  possible  to  express  the  following  general 
conclusions : — 

(1)  The  Riccarton  Beds  of  the  Kirkcudbright  district  containing 
Cyrtograptus  murchisoni,  Monograptus  vomerinus,  M.  riccar- 
tonensis,  and  Retiolites  geinitzianus,  are  well  established  as 
being  Wenlockian. 

(2)  The  Raeberry  Castle  Beds,  at  least  as  far  south  as  Gypsy  Point, 
are  older  than  the  Riccarton  Beds  but  may  still  be  Wenlockian 
as  Pringle  (1948)  suggests. 

(3)  The  Hawick  Rocks  are  younger  than  the  Riccarton  Beds  and  may 
be  Ludlovian.  In  spite  of  intensive  searching  they  appear  to 
lack  diagnostic  fossils  and,  as  yet,  the  only  upward  limit  to 
their  age  is  provided  by  their  Caledonian  tectonics. 

(4)  Lapworth’s  interpretation  of  the  structure  and  sequence  of  the 
Silurian  in  the  Southern  Uplands  excluded  the  possibility  of 
the  occurrence  of  Wenlockian  north  of  the  main  outcrop.  The 
reversal  of  the  inferred  succession  of  the  uppermost  three 
formations  of  the  Silurian  sequence  not  only  admits  of  but 
favours  the  possibility.  The  Queensberry  group  although 
assigned  to  the  Upper  Valentian  contains  in  its  upper  part  such 
typical  Wenlockian  graptolites  as  Cyrtograptus  murchisoni, 
Monograptus  vomerinus,  and  Retiolites  geinitzianus.  Thus  part 
of  the  Queensberry  group  may  be  Wenlockian  and  may  be  the 
northern  equivalent  of  the  Riccarton  and  Raeberry  Castle  Beds. 

IV.  North  of  the  Hawick  Line 

So  far  we  have  acted  on  the  assumption  that  the  northern  part  of  the 
synclinorium  is  a  reality,  but  proving  the  existence  of  the  south  limb 
has  in  itself  created  difficulties  in  the  interpretation  of  the  structure  to 
the  immediate  north-west  of  the  Hawick  Line.  We  have  calculated 
that  there  may  be  a  cumulative  total  of  some  16,000  feet  of  Raeberry 
Castle,  Riccarton,  and  Hawick  rocks  south-east  of  the  Hawick  Line. 
One  mile  north  of  Ringford,  at  Liggat  Cheek,  black  shales  with 
Akidograptus  acuminatus  and  Climacograptus  normalis  (Peach  and 
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Text-fig.  5. — Alternative  generalized  sections  across  the  Hawick  Line: — 

(a)  Faulted  synclinorium. 

(b)  Faulted  “  monoclinal  ”  folds. 

Horne,  1899,  p.  172)  crop  out  and  are  assigned  by  the  Survey  to  the 
Birkhill  Group,  of  Lower  Valentian  age.  As  if  to  emphasize  the  point, 
three  miles  to  the  north-west  across  the  strike  lies  the  Crossmichael 
inlier  of  Ordovician  age  with  cherts  and  Glenkiln  fossils.  Clearly  the 
two  sides  of  the  supposed  synclinorium  do  not  correspond.  To  the 
south  Hawick  rocks  lie  above  the  Wenlockian  beds :  to  the  north  the 
rocks  are  mapped  as  largely  Valentian  with  small  inliers  of  Ordovician. 

Two  possible  reasons  may  separately,  or  together,  explain  this 
asymmetry  : — 

(1)  There  may  be  rapid  thinning  of  the  Raeberry  Castle,  Riccarton, 

and  Hawick  rocks  in  a  north-weste-ly  direction.  Apart  from 
being  a  likely  cause  of  the  asymmetry,  this  also  complements  the 
thinning  of  the  beds  generally  supposed  to  take  place  towards 
the  central  (Moffat)  axis  of  the  geosyncline. 

(2)  Strong  strike  faulting  or  thrusting  with  a  downthrow  to  the  south 

may  be  developed  parallel  to  the  Hawick  axis  along  a  north¬ 
easterly  trend.  This  suggestion  is  based  on  the  occurrence 
of  relatively  small-scale  thrusts  which  are  directed  either 
northwards  or  southwards  in  the  present  area,  and  ako  on 
information  on  the  Ordovician  rocks  of  the  Rhinns  of  Galloway 
(at  present  being  prepared  for  publication,  and  kindly  supplied 
to  us,  by  Dr.  G.  Kelling).  We  have  found  no  faults  in  the 
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Kirkcudbright  area  with  anything  like  the  necessary  throw  but 
there  are  very  large  faults  in  the  Rhinns  of  Galloway.  One  of 
these,  the  Killantringan  Fault,  has  a  calculated  throw  to  the 
south  of  about  two  miles  and  another,  along  the  Ordovician- 
Silurian  boundary,  has  a  throw  of  the  same  order. 

V.  Prospect 

The  classical  concept  of  the  synclinorium  seems  to  be  no  longer 
tenable  with  regard  to  the  Kirkcudbright  area,  even  though  we  have 
shown  that  the  original  difikulty  of  the  age-relationship  of  the  Hawick 
rocks  and  the  Riccarton  Beds  no  longer  exists.  Until  more  information 
is  available  on  the  area  to  the  north  of  the  Hawick  Line  it  is  not 
possible  to  be  certain  of  the  structure.  Meanwhile,  two  alternative 
hypotheses  are  suggested. 

The  first  is  that  of  a  synclinorium  greatly  modified  by  strong  faulting 
in  the  manner  shown  in  Text-fig.  5a.  Such  an  interpretation  attempts 
to  retain  the  essential  features  of  the  anticlinorium-synclinorium 
concept  held  by  Lapworth. 

A  second  and  more  likely  hypothesis  (see  Text-fig.  5b)  is  based  on 
the  style  of  folding  found  in  the  Kirkcudbright  area  and  in  the  Rhinns 
of  Galloway.  There  is,  in  this  view,  no  synclinorium  and  the  structure 
is  interpreted  as  a  series  of  large,  compound  monoclines  which  descend 
towards  the  north-west.  They  are  cut  by  northerly  dipping,  southerly 
directed  thrusts  or  reverse  faults  which  more  than  cancel  the  effect 
of  the  folding  so  that  older  rocks  appear  and  are  repeated  to  the 
north.  Between  the  area  mapped  and  the  Birkhill  shales  there  may  be  a 
major  fault  with  a  throw  of  the  same  order  as  the  total  thickness  of  the 
Hawick,  Riccarton,  and  Raeberry  Castle  rocks  at  that  point. 

The  re-interpretation  of  the  structure  of  this  area  clearly  has  implica¬ 
tions  for  the  whole  of  the  Southern  Uplands.  Although  only  a  few 
areas  have  been  re-mapped  in  recent  years  in  no  case  is  the  structure 
in  accord  with  the  “  Lapworthian  ”  hypothesis.  Thus  in  Berwickshire 
(Mackenzie,  1956)  and  in  Ayrshire  (Walton,  19566)  the  rocks  are 
mainly  steeply  dipping;  in  the  Rhitms  of  Galloway  (Kelling,  G.,  in 
preparation)  both  steeply  dipping  belts  and  zones  with  flat-lying 
faltenspiegel  are  present  and  in  the  Leadhills  mining  area  (MacKay,  1958) 
the  structure  is  dominated  by  a  major  thrust.  In  our  opinion  it  is  not 
unlikely  that  the  structure  of  the  Southern  Uplands  as  a  whole  is  of 
the  faulted  “  monoclinal  ”  type  suggested  for  the  Kirkcudbright  area. 
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Fold  Structures  in  the  Dalradian  Rocks  of  Knapdale, 
Argyllshire 

By  John  L.  Roberts 
Abstract 

In  the  Dalradian  rocks  of  Knapdale  in  south-west  Argyll  two 
groups  of  minor  folds  have  been  developed  which  share  the  same 
axial  plane ;  their  fold  axes  lie  at  right  angles  to  each  other  within  the 
common  axial  plane.  Field  evidence  indicates  that  the  two  fold 
groups  are  strictly  contemporaneous.  One  group  of  minor  folds 
plunges  at  40''  to  020°  N.,  and  the  other  group  plunges  at  45°  to 
235°  N.,  the  common  axial  plane  dipping  at  70°  to  305°  N.  Major 
structures  parallel  to  both  sets  of  minor  folds  are  developed  in  the 
area.  The  fabric  diagram  of  the  fold  groups  shows  tetragonal 
synunetry  and  this  is  taken  to  indicate  that  the  stress  field  respon¬ 
sible  for  the  deformation  had  itself  tetragonal  symmetry.  The 
maximum  compressive  stress  acted  almost  horizontally  in  a  N.W.- 
S.E.  direction  while  extension  took  place  equally  in  all  directions  in 
a  plane  normal  to  the  axis  of  maximum  compression.  The  relations 
of  contemporaneous  fold  structures  to  three  basic  strain  patterns  are 
briefly  discussed. 

I.  Introduction 

The  existence  of  two  sets  of  contemporaneous  minor  structures, 
sharing  the  same  axial  plane  and  lying  at  right  angles  to  each 
other,  has  recently  been  described  by  King  and  Rast  (1956)  from  the  Dal¬ 
radian  rocks  of  south-east  Cowal.  These  authors  recognize  the  existence 
of  one  dominant  Caledonoid  axis  of  folding,  while  the  presence  of 
folds  on  the  second  axis  is  attributed  to  a  subsidiary  axis  of  shortening; 
folds  of  the  second  set  are  considered  to  be  cross-folds.  Weiss  (1958), 
however,  considers  that  the  axial  planes  of  cross-folds  should  lie 
perpendicular  to  the  axial  planes  of  the  main  folds.  Knill  and  Knill 
(1958)  have  also  described  minor  folds,  similar  to  those  of  King  and 
Rast,  from  Mid-Argyll  but  consider  one  set — those  perpendicular  to 
the  major  fold  axis — to  be  due  to  later  rotation  of  the  original  minor 
structures  into  this  position. 

In  the  Dalradian  rocks  of  Knapdale  contemporaneous  folding  on 
two  perpendicular  axes  has  led  to  the  development,  within  the  in¬ 
competent  beds  of  the  Ardrishaig  Phyllites,  of  two  equal  systems  of 
minor  folds  sharing  the  same  axial  planes,  with  their  fold  axes  mutually 
perpendicular.  There  appear  to  be  two  corresponding  sets  of  major 
structures. 


II.  Major  and  Minor  Structures  in  Knapdale 

The  district  of  Knapdale  lies  on  the  seaboard  of  south-western 
Argyll,  50  miles  west  of  Glasgow  and  35  miles  south  of  Oban  (see 
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inset.  Text-fig.  1).  Within  the  district  the  following  lithological  units 
outcrop  successively  to  the  south-east : — 

3.  Loch  Awe  Group — an  assemblage  of  volcanic  and  calcareous 
rocks  passing  downwards  into  a  lower  quartzitic  member. 

2.  Ardrishaig  Phyllites — including  subordinate  quartzitic  and 
calcareous  horizons. 

1.  Erins  Quartzite  Group — with  at  least  one  prominent  phyllite 
horizon. 


Text-hg.  1. — Geological  map  of  the  Point  of  Knap-Kilmory  Bay.  Inset: 
Knapdale  in  relation  to  the  South-west  Highlands  of  Scotland. 


Prior  to  the  regional  metamorphism  the  rocks  were  intruded  by 
very  numerous  basic  sills  now  altered  to  epidiorite.  The  whole  area 
forms  part  of  the  south-eastern  limb  of  the  Loch  Awe  Syncline  through¬ 
out  which  axial  plane  cleavage  trends  north-east  to  south-west,  there 
being  a  well-marked  fan  structure  across  the  syncline.  While  the  general 
synclinal  nature  of  the  area  appears  to  be  well  founded  the  existence 
of  two  sets  of  mutually  perpendicular  minor  folds  sharing  the  same 
axial  plane  in  the  excellent  exposures  around  Kilmory  Bay,  a  mile 
to  the  north  of  the  Point  of  Knap,  has  not  previously  been  noted. 
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The  rocks  exposed  along  this  stretch  of  coast  comprise  the  structurally 
incompetent  slates,  with  subordinate  limestones  and  quartzites,  of  the 
Ardrishaig  Phyllite  Group  and  the  relatively  more  competent  quartzites 
of  the  lower  part  of  the  younger  Loch  Awe  Group  (Text-fig.  1).  The 
Phyllite  Group  is  exposed  to  the  south  of  Port  Ban,  while  the  Loch 
Awe  quartzites  outcrop  further  to  the  north.  Between  the  two  there 
occurs  a  passage  series  divided  into  two  members,  the  lower  consisting 
of  pebbly  conglomerates  and  gritty  quartzites,  the  upper — the  Ardnoe 
Group — comprising  rapidly  alternating  quartzites,  limestones,  and 
slates.  Several  basic  sills,  now  consisting  of  epidiorite,  lie  within  the 
sedinwntary  rocks.  Where  they  have  intruded  the  pelitic  rocks  they 
have  acted  as  the  more  competent  members ;  where  the  sills  lie  in  the 
:  psammitic  beds  both  rock  types  show  equal  competency.  The  meta- 

!  morphic  grade  of  all  the  rocks  in  the  section  is  extremely  low,  as  is 


I  H9>il9«tgl  Ssais 

Text-hg.  2. — Transverse  profile  across  major  structures  at  Kilmory  Bay; 
the  plane  of  projection  dips  at  50°  to  205°  N. 

Stippled  =  psammitic  beds.  Blank  =  pelitic  beds. 

.  Lined  =  Ardnoe  Group.  Black  =  Epidiorites. 

I  shown  by  the  mineral  assemblages  (see  Elies  and  Tilley,  1930;  and 
Wiseman,  1934). 

:  In  the  psammitic  beds  of  the  Loch  Awe  Group  at  the  northern  and 

I  of  Kilmory  Bay  the  closure  of  a  large  syncline,  whose  existence  can  be 
I  confirmed  by  numerous  examples  of  graded  bedding,  is  readily  observed, 

i  A  second  synclinal  closure  is  visible  on  the  south  side  of  the  bay  where 

the  beds  belong  to  the  passage  series.  Both  structures  close  to  the 
S.S.W.  and  their  fold  axes,  determined  from  bedding  planes  and 
I  bedding  plane /axial  plane  cleavage  intersections,  plunge  at  40°  to 
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25°  N.  Unfortunately  the  closure  of  the  anticline  which  separates  the 
two  major  synclines  cannot  be  seen.  Its  expected  position  is  covered 
by  extensive  superficial  deposits. 

An  anticlinal  closure  can  be  seen  at  the  Point  of  Knap  where  several 
epidiorite  sills  have  been  intruded  into  the  Ardrishaig  Phyllites.  This 
fold,  which  is  not  as  well  exposed  as  the  synclines  described  above, 
similarly  plunges  to  the  N.N.E.  at  a  moderately  steep  angle. 

A  transverse  profile  of  the  synclines  seen  at  Kilmory  Bay  was 
constructed  by  the  method  outlined  by  Weiss  (1958,  pp.  135-137) 
and  is  given  as  Text-fig.  2.  The  major  folds  are  symmetrical,  with 
limbs  diverging  at  an  angle  of  approximately  30°  from  troughs  having 
a  considerable  radius  of  curvature.  The  axial  planes  of  the  two  syn¬ 
clines  dip  at  70°  to  305°  N. 

In  the  Loch  Awe  Group  minor  folds  have  not  been  developed,  the 
rocks  of  this  group  being  a  thick  series  of  psammitic  beds  almost 
totally  lacking  in  pelitic  intercalations.  The  only  structural  feature  is  a 
well-marked  shear  cleavage  parallel  to  the  axial  planes  of  the  major 
structures. 

In  the  Ardnoe  Group  minor  folds  are  copiously  developed  and  are 
well  seen  both  on  the  southern  shore  of  Kilmory  Bay,  north  of  Port 
Ban,  and  at  the  headland  forming  the  northern  limit  of  the  bay.  The 
axes  of  these  minor  folds  have  an  average  plunge  of  40°  to  24°  N. 
while  the  mean  dip  of  the  axial  planes  is  70°  to  305°  N.  These  values 
are  very  close  to  the  corresponding  values  determined  for  the  major 
structures.  The  relationship  of  the  major  to  the  minor  structures  in 
the  Ardnoe  Group  is  thus  one  of  strict  parallelism — the  relationship 
normally  observed  in  folded  rocks. 

In  the  Ardrishaig  Phyllites  major  structures  have  not  been  recognized 
except  for  the  Point  of  Knap  anticline.  Between  the  Point  of  Knap 
and  Port  Ban  the  rocks  of  the  Ardrishaig  Phyllite  Group  comprise 
several,  relatively  psammitic,  horizons  separated  by  considerable 
thicknesses  of  dominantly  pelitic  strata.  Each  psammitic  horizon 
consists  of  alternating  quartzitic  and  slaty  beds  varying  from  a  few 
inches  to  several  feet.  Wherever  the  psammitic  horizons  arc  exposed 
they  are  heavily  folded,  the  middle  limbs  of  the  folds  ranging  from 
6  inches  to  10  feet  (see  Text-fig.  3).  The  folds  arc  isoclinal;  their 
outer  boundaries  at  the  hinges  having  an  appreciable  radius  of  curva¬ 
ture,  whereas  the  cores  are  highly  compressed,  the  more  psammitic 
beds  suffering  shearing  and  mild  cataclasis.  At  the  apices  of  the  folds 
considerable  thickening  has  frequently  affected  the  more  psammitic 
beds  while  the  limbs  are  occasionally  highly  attenuated.  Variation  in 
thickness  of  this  sort  is  especially  well  marked  towards  the  centre  of 
the  succession  where  control  by  the  overlying  competent  Loch  Awe 
Group  and  the  underlying  epidiorite  sills  of  the  Point  of  Knap  was 
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Text-fig.  3. — Typical  transverse  profiles  of  minor  folds  from  the  Ardnoe  and 
Ardrishaig  Phyllite  Groups. 

Stippled  =  quartzite.  Black  =  limestone.  Lined  =  Slate. 


ineffectual.  The  axial  planes  of  the  minor  folds  are  everywhere  parallel 
to  the  slaty  cleavage  developed  in  the  pelitic  rocks.  The  psammitic 
rocks  are  affected  by  a  shear  cleavage  which  is  again  parallel  to  the 
axial  planes.  The  coincidence  of  the  axial  planes  of  the  minor  folds, 
the  slaty  cleavage  and  the  shear  cleavage  is  strongly  marked,  with  the 
maintenance  throughout  the  area  occupied  by  these  beds,  of  a  dip 
of  70°  to  305°  N. 

The  axes  of  th#  minor  folds  plunge  in  two  directions,  one  group  of 
folds  being  almost  exactly  parallel  to  the  plunge  of  the  major  structures 
(44*  to  22°  N.)  and  the  other,  only  slightly  less  prominent,  lying  within 
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the  regional  axial  plane  perpendicular  to  the  first  at  45°  to  235°  N. 
(see  Text-fig.  4).  These  two  groups  are  clearly  separate  from  each  other 
and  no  folds  with  axes  of  intermediate  orientation  have  been  found. 
In  the  field,  folds  of  both  groups  were  found  to  share  the  same  axial 
plane  and,  apart  from  the  difference  in  spatial  orientation,  no  feature 
was  discovered  which  could  be  used  to  distinguish  folds  of  one  group 
from  those  of  the  other.  In  the  coastal  exposures  between  Point  of 
Knap  and  Port  Ban  the  strict  contemporaneity  of  the  two  groups  can 
be  demonstrated.  At  Port  Ban  itself  an  excellent  exposure  shows  three 
quartzitic  beds  with  intervening  pelitic  layers  (Text-fig.  4).  The 
quartzites  show  folding  on  both  axes  and  several  examples  of  the  actual 
intersections  can  be  seen.  No  fold  is  refolded  by  another.  The  slaty 
cleavage  of  the  pelitic  layers  can  be  traced  from  one  series  of  folds  to 
the  other  without  any  deviation  being  observed.  Other  exposures,  all 
indicating  synchronous  origins  for  the  two  fold  groups,  can  be  seen 
throughout  the  section. 

The  major  fold  axes  of  the  Point  of  Knap-Kilmory  Bay  shore 
section  show  a  constant  and  well  marked  N.N.E.  plunge.  This  plunge 
is  shared  with  the  minor  folds  in  the  Ardnoe  Group.  In  the  Ardrishaig 
Phyllites  one  group  of  minor  folds  has  axes  which  are  exactly  parallel 
to  the  plunge  of  the  major  structures;  a  strictly  contemporaneous 
second  group  has  axes  which  are  exactly  perpendicular  to  the  general 
plunge.  The  axial  planes  of  all  the  folds,  whatever  their  scale,  are 
coincident  and  are  paralleled  by  the  slaty  cleavage  in  the  pelitic,  and 
the  shear  cleavage  in  the  psammitic  rocks. 

The  relationship  of  the  major  structures  plunging  N.N.E.  to  the 
minor  folds  of  similar  plunge  is  well  founded.  A  similar  relationship 
of  south-westerly  plunging  minor  folds  to  major  structures  of  similar 
orientation  has  not  yet  been  completely  determined.  It  is  of  interest  to 
note  in  this  connection  that  the  Geological  Survey  (1911)  recorded 
folds  with  a  south-south-westerly  plunge  from  the  Tayvallich  Peninsula, 
lying  six  miles  to  the  north  of  Kilmory  Bay.  The  memoir  contains  a 
map  on  the  scale  of  six  inches  to  one  mile,  of  an  area  in  which  the 
upper  volcanic  part  of  the  Loch  Awe  Group  appears  within  a  major 
synclinal  structure  similar  in  character  to  those  at  Kilmory  Bay, 
plunging  at  30°  to  the  S.S.W.  To  the  north  of  the  closure,  within  the 
underlying  quartzitic  division,  there  are  a  number  of  smaller  anticlines 
and  synclines  which  plunge  at  moderately  steep  angles  to  the 
S.S.W.  The  presence  of  minor  folds  plunging  to  the  S.S.W.  was 
further  noted. 

The  author  has  noted  the  existence  of  major  structures  plunging  at 
fairly  high  angles  to  the  south-west  on  the  shore  at  MHberry,  7  miles  to 
the  south  of  Kilmory  Bay.  These  are  situated  within  the  Erins  Quartzite. 
It  can  thus  be  surmised  that  the  major  structures  within  Knapdak 


The  Dalradian  Rocks  of  Knapdale,  Argyllshire  227 


Text-hg.  4. — Geological  map  of  the  Port  Ban  exposures  showing  the 
relation  between  both  fold  groups. 

Stippled  quartzites.  Lined  =  slates. 

Inset:  Stereogram  of  structure  elements  in  the  Ardrishaig  Phyllite 
Group  plotted  upon  the  lower  hemisphere  of  a  Schmidt  equal  area 
net. 

A.P.  =  axial  planes  of  both  fold  groups  parallel  to  slaty  cleavage 
in  pelitic  rocks. 

»A.P.  =  normals  to  axial  planes. 

B,  and  B|  =  fold  axes  of  the  two  fold  groups. 

vBi  and  irB,  =  girdle  of  bedding  plane  normals  around  Bi  and  Bi 
respectively. 
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conform  to  the  pattern  of  minor  structures  as  seen  in  the  Point  of 
Knap-Kilmory  Bay  section. 

III.  Discussion 

In  the  Dalradian  metasediments  of  Knapdale  two  groups  of  major 
and  minor  cylindroidal  folds  exist.  Their  fold  axes  pitch  at  right  angles 
to  each  other  within  a  common  axial  plane.  Each  fold  axis  acts  as  an 
axis  of  rotation  of  bedding  planes,  giving  a  girdle  of  bedding  plane 
normals.  These  girdles  intersect  parallel  to  the  normals  of  the  axial 
planes  of  the  folds.  Such  a  fabric  diagram  has  tetragonal  symmetry, 
(see  inset.  Text-fig.  4).  The  tetrad  axis  is  considered  to  be  paralleled 
both  by  the  direction  of  maximum  compression  and  by  the  maximum 
principal  axis  of  stress.  The  direction  of  no  strain  of  one  fold  group 
coincides  with  the  direction  of  maximum  extension  in  the  other  and 
vice  versa.  No  unique  direction  of  maximum  extension  can  be  dis¬ 
tinguished,  implying  that,  rather  than  taking  place  in  one  particular 
direction,  the  maximum  extension  must  have  occurred  in  all  directions 
lying  in  a  plane  normal  to  the  direction  of  maximum  compression. 
This  is  taken  to  indicate  that  the  intermediate  and  minimum  principal 
axes  of  stress  cannot  be  distinguished,  but  rather  these  two  normal 
stresses  were  equal  in  value.  The  maximum  compressive  stress  acted 
within  an  almost  horizontal  plane  in  a  N.W.-S.E.  direction ;  a  typically 
CTaledonoid  direction.  The  directions  of  the  two  other  principal  stresses 
can  be  chosen  at  will  within  the  plane  normal  to  the  maximum  principal 
stress.  Using  Anderson's  convention  (1942),  one  will  be  taken  as  lying 
horizontally  within  this  plane,  the  other  being  at  right  angles  to  it. 
Such  a  stress  field  has  tetragonal  symmetry. 

As  Harland  and  Bayly  (1938)  point  out,  there  are  three  bulk  deforma¬ 
tion  patterns  which  may  be  classified  by  the  symmetry  of  the  deforming 
stress  field.  Any  stress  field  can  be  resolved  into  three  mutually  per¬ 
pendicular  normal  stresses.  During  deformation  normal  stresses  may 
be  either  positive,  inactive  or  negative  in  that  they  correspond  to 
strain  directions  of  maximum  compression,  no  deformation  and 
maximum  extension  respectively.  During  any  deformation  at  least 
two  normal  stresses  must  be  active,  one  being  positive  while  the  other 
is  negative.  The  other  normal  stress  may  then  be  either  (1)  inactive, 
(2)  positive  or  (3)  negative.  In  the  first  case  the  stress  field  has  ortho¬ 
rhombic  symmetry.  A  single  set  of  cylindroidal  folds  paralleling  each 
other  is  produced,  the  axial  planes  being  normal  to  the  maximum 
principal  axis  of  stress,  while  the  fold  axes,  being  undistorted,  lie 
parallel  to  the  intermediate  principal  axis  of  stress  which  in  this  case 
is  inactive.  In  the  second  case  the  intermediate  principal  axis  of  stress 
has  caused  a  subsidiary  or  equal  axis  of  compression  to  be  developed. 
Weiss  (1938)  has  suggested  that  this  gives  rise  to  two  sets  of  fold  groups 
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whose  axial  planes  are  mutually  perpendicular.  The  axial  planes  will 
also  contain  the  fold  axes ;  the  latter  instead  of  being  homogeneous  in 
orientation  throughout  the  fabric  may  lie  with  varying  pitch  within 
the  axial  planes.  The  two  fold  groups  can  be  expressed  with  varying 
intensity;  the  subsidiary  fold  group  is  composed  of  typical  cross¬ 
folds.  In  the  third  case  the  intermediate  principal  axis  of  stress  has 
acted  negatively  in  that  it  corresponds  to  a  subsidiary  axis  of  extension. 
Two  fold  groups  are  developed  sharing  the  same  axial  planes  within 
which  the  fold  axes  pitch  mutually  at  right  angles.  Such  a  fabric  was 
developed  in  the  Dalradian  rocks  of  Knapdale  during  a  single  move¬ 
ment  phase  acting  upon  an  originally  horizontally  bedded  sequence. 
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On  Convolute  Bedding  in  the  Lower  Ludlovian  Rocks 
of  North-East  Radnorshire 


By  C.  H.  Holland 


(PLATE  V) 

Abstract 

Convolute  bedding  is  described  from  the  Lower  Ludlovian  in 
north-eastern  Radnorshire  in  calcareous  siltstones  probably  of 
the  Monograptus  tumescens  zone.  Examples  of  true  slump-structures 
from  the  same  area  are  given  for  comparison.  The  mode  of  forma¬ 
tion  of  the  convolute  bedding  is  discussed  and  reference  made  to  such 
directional  information  as  is  available  from  a  study  of  the  sediments. 


I.  Introduction 


SLUMP-STRUCTURES  are  commonly  and  characteristically 
developed  in  the  “  basin-facies  ”  of  the  Ludlovian  in  Central 
Wales.  Straw  (1937)  and  Earp  (1938)  gave  detailed  descriptions  of 
these  phenomena.  More  recently  Williams  and  Prentice  (1957)  have 
described  “  crinkle  marks  ”,  associated  with  slump-folds  and  attribut¬ 
able  to  the  same  mechanism,  in  the  Monograptus  tumescens  zone  of  the 
Lower  Ludlovian  of  North  Herefordshire.  This  last  occurrence  is 
within  the  “  shelf-facies  ”  of  the  Ludlovian ;  but  similar  crinkle  marks 
are  known  from  the  “  basin-facies  ”,  where  they  may  or  may  not  be 
associated  with  other  more  spectacular  slump-structures.  Williams 
and  Prentice  are  careful  to  point  out  that  the  structures  with  which  they 
are  concerned  are  the  result  of  true  slumping,  as  distinct  from  the  action 
of  turbidity  currents.  Convolute  bedding,  produced  by  deposition  from 
the  latter,  is  found  in  many  greywacke  sequences  and  has  been 
described  in  Britain,  for  example,  by  Kopstein  (1954)  from  the 
Cambrian  rocks  of  the  Harlech  Dome.  The  present  communication  is 
the  first  description  of  convolute  bedding  from  the  Ludlovian  of  Wales 
or  the  Welsh  Borders. 

In  a  detailed  account  of  the  stratigraphy  of  the  Knighton  District, 
Radnorshire  (Holland,  in  the  press),  the  Bailey  Hill  Beds  of  the 
Ludlovian  are  described  as  a  thick  series  of  siltstones,  characterized 
by  the  repeated  occurrence  of  prominent,  compact,  calcareous,  flaggy 
or  massive  bands,  which  may  show  internal  undulations  or  contortions. 
These  internally  contorted  bands  are  believed  to  indicate  the  effect 
of  rapid  deposition  from  turbidity  currents. 

Exposures  of  the  Bailey  Hill  Beds,  in  the  Knighton  District,  are 
confined  mainly  to  the  middle  and  upper  parts  of  the  group,  which  are 
probably  of  Monograptus  tumescens  zone  age. 
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11.  Description  of  the  Convolute  Bedding 
The  units  which  show  convolute  lamination  vary  in  individual 
thickness  from  about  1  inch  to  9  inches,  the  thickness  being  main¬ 
tained  laterally.  They  are  medium-coarse  calcareous  quartz  siltstones 
with  subordinate  amounts  of  iron  oxide  and  mica.  A  faint  banding 
shows  the  convolute  bedding;  but,  in  addition,  there  is  a  general 
slight  background  change  in  orientation  of  the  grains  of  the  rock. 
The  convolute  lamination  is  seen  best  in  weathered  joint  surfaces 
or  quarry  faces  where  the  brownish  decalcified  rock  may  take  on  an 
appearance  reminiscent  of  wood  graining.  A  polished  specimen  from 
such  a  surface  is  shown  in  Plate  V,  fig.  1. 

Every  gradation  may  be  fotmd  from  beds  which  show  faint  parallel 
laminae;  through  others  in  which  certain  laminae  become  slightly 
undulating,  either  in  places  only  or  persistently  across  a  whole  exposure ; 
to  others  in  which  the  typical  convolute  laminations  are  fully  developed. 
The  basic  unit  of  the  convolutions  is  the  anticline,  sometimes  sharply 
crested,  sometimes  overturned.  As  shown  in  Text-fig.  1,  these  anti¬ 
clinal  structures  die  out  downwards  and  frequently  upwards  as  well. 
Sometimes  the  crests  of  the  folds  are  cut  off  by  succeeding  laminae. 
The  convolute  folds  are  developed  equally  in  all  planes  perpendicular 
to  the  general  undisturbed  bedding.  This  lack  of  uniformity  of  strike 
is  characteristic.  Only  very  rarely  were  occurrences  seen  in  which  a 
prominent  convolute  fold  did  have  a  crest  persisting  in  one  direction 
for  more  than  a  few  inches.  This  “  three-dimensional  ”  nature  of  the 
folding  results  in  some  remarkably  shaped  surfaces  in  specimens  broken 
along  the  convolute  laminations. 

Most  of  the  descriptions  given  by  Kopstein  (1954)  and  Ten  Haaf 
(1956)  are  applicable  to  the  Radnorshire  occurrences,  though  in  general 
the  latter  are  of  simpler  form.  There  is,  however,  one  essential  difference. 
In  Radnorshire  the  structures  are  found  in  calcareous  siltstones  rather 
than  in  graded  greywackes. 

The  convolute  bedding  is  best  seen  at  the  following  two  exposures : — 
(fl)  (SO/2153  7123)  Old  quarry  approximately  400  yards  east  of 
Llangunllo  Church.  About  70  feet  of  beds  dipping  evenly  to  the 
north-north-west  at  about  50  degrees  show  clearly  all  the  components 
of  lithology  of  the  typical  Bailey  Hill  Beds.  Convolute  bedding  occurs 
in  units  of  various  thicknesses. 

(b)  (SO/2166  7083)  Old  quarry  approximately  7(X)  yards  south¬ 
east  of  Llangunllo  Church.  The  quarry  shows  more  or  less  vertical 
beds,  the  top  of  which  is  to  the  south-east. 

III.  Associated  Slump-Structures 
It  is  of  considerable  interest  that,  while  the  large  scale-developments 
of  slump-structures  described  by  Earp  (1940)  from  the  south-western 
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part  of  Clun  Forest  appear  to  die  out  eastwards,  there  are  still  some 
indications  of  slumping  in  the  adjacent  ground  referred  to  here. 

First  there  are  examples  of  crinkle  marks  of  a  kind  similar  to  those 
described  by  Williams  and  Prentice  (1957);  though  these  are  not  so 
well  developed  as  in  Herefordshire  and  only  rarely  appear  to  show  a 
clear  overturning.  At  one  poorly  exposed  locality  on  a  spur  of  Gwem- 
y-gaufron  Hill  (SO/2282  7606),  about  three-quarters  of  a  mile  west  of 
Llanvair  Waterdine,  a  specimen  was  collected  which  shows  internal 
puckering  of  a  somewhat  different  type  (Plate  V,  fig.  2).  The  bedding 
surface  shows  a  complex  corrugation  of  constant  general  strike.  Another 
specimen  from  the  same  locality  shows  complete  balling-up  of  the 
rock.  These  indicate  an  important  difference  between  convolute 
bedding  and  slump-structures,  shown  by  the  contrast  between  the  very 
irregular  small-scale  puckering  of  the  laminae  in  the  latter  as  against 
the  frequently  smoothly  flowing  anticlinal  folds  of  the  former. 

Secondly,  at  one  exposure  only  in  the  district,  is  seen  an  apparently 
local  slump  development  showing  all  the  characteristics  of  the  typical 
Central  Welsh  occurrences  described  by  Straw  (1937)  and  Earp  (1938). 
This  exposure  is  a  small  old  quarry  (SO/2289  7118)  about  ISO  yards 
north-north-east  of  Cefn-suran  Farm.  The  slump  band,  which  is  at 
least  5^  feet  thick,  is  succeeded  by  Bailey  Hill  Beds  of  normal 
lithology.  The  siltstones  of  the  slump  band  show  a  complex  minute 
crinkling  of  their  laminae  but  they  show  also  the  larger  scale  features  of 
overturning  and  fracturing  described  by  Straw.  There  are  “  depressed 
ellipsoidal  masses  ”,  2  feet  or  more  in  diameter,  which  are  unlike 
the  convolute  bedded  units  described  earlier.  The  upper  surface  of  the 
slump  band  is  irregular  and  the  steeply  inclined  slump  folds  are 
truncated  by  the  succeeding  siltstones  which  fill  in  hollows  in  the 
upper  surface  of  the  slump. 

IV.  Mode  of  Formation 

The  conditions  of  formation  of  convolute  bedding  (by  deposition 
from  turbidity  currents),  as  distinct  from  those  of  slump-structures 
(by  movement  of  sediment  after  deposition),  have  been  discussed  at 
length  by  previous  authors  (notably  Kuenen,  1953;  Ten  Haaf,  1956). 
Though  the  purpose  of  the  present  paper  is  to  emphasize  the  occurrence 
of  both  these  in  the  Welsh  basin  at  the  time  of  the  Monograplus 
tumescens  zone,  some  discussion  of  their  mode  of  formation  is  appro¬ 
priate  here. 

True  slumping  is  that  process  by  which  sediment,  after  deposition, 
moves  down  a  bottom  slope  to  produce  within  the  body  of  the  sediment 
folds,  overfolds,  balling-up,  and  complex  fracturing.  Beds  formed  by 
this  process  may  be  expected  to  vary  in  thickness  laterally,  with  a 
tendency  to  piling  up  lower  down  the  slope  and  attenuation  at  higher 
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levels.  The  whole  sedimentary  unit  will  be  involved  in  the  slump 
folding,  which  will  show  orientation  related  to  the  direction  of  slope 
down  which  the  sediment  moved.  The  slumped  unit  will  be  left  with  an 
irregular  top  which  may  well  be  eroded  before  deposition  of  later 
sediment. 

In  convolute  bedding,  the  units  do  not  vary  laterally  in  thickness 
and  there  is  no  piling  up  of  the  sediment.  The  irregular  elevations 
and  depressions  of  the  convolute  laminations,  with  their  absence  of 
orientation,  give  no  indication  of  movement  in  a  particular  direction, 
or  necessarily  therefore  of  settling  on  a  slope.  Finally,  the  convolute 
folds  die  out  downwards  and  frequently  upwards,  a  condition  most 
difiicult  to  envisage  if  they  were  produced  by  slumping  down  a  bottom 
slope. 

Such  structures  are  likely  to  have  formed  quickly,  at  the  time  of 
deposition  of  the  sedimentary  unit  within  which  they  occur,  by  some 
irregular  distribution  of  pressure  or  suction,  drawing  up  the  anticlinal 
convolute  folds  and  depressing  the  laminations  between  them.  Kuenen 
(1953)  related  this  to  current  rippling,  but  there  is  no  evidence  for  this 
in  the  examples  described  here.  The  necessary  conditions  of  rapid 
deposition,  together  with  the  possibility  of  hydroplastic  flow  in  response 
to  suction,  would  be  provided  by  turbidity  currents.  Finally,  though 
not  in  the  district  referred  to  here,  there  is  abundant  evidence  of  the 
association  of  convolute  bedding  with  other  features  themselves 
attributable  to  turbidity  currents,  such  as  graded  bedding  and  flute 
casts. 

If  the  formation  of  convolute  laminations  from  a  turbidity  current 
happens  to  take  place  on  a  sloping  floor,  slight  readjustments  (small- 
scale  slumping)  of  the  structures  by  bulk  movement  of  the  sediment 
may  afterwards  occur.  The  specimen  illustrated  in  Plate  V,  fig.  1  shows 
some  such  readjustments  expressed  as  slight  unconformities  between 
laminations.  In  some  cases  the  subsequent  slumping  may  have  occurred 
to  such  an  extent  that  the  original  convolute  structures  have  been 
completely  lost.  It  is,  therefore,  to  be  expected  that  there  will  be  case 
difficult  to  interpret,  in  which  the  presence  of  convolute  bedding  is 
more  or  less  obscured  by  true  slump-structures.  Of  greater  importance 
is  the  existence  of  examples  (such  as  those  illustrated  in  Text-fig.  1)  in 
which  the  evidence  for  formation  by  a  process  distinct  from  that  of 
slumping  is  unequivocal. 

It  is  not  necessarily  believed  that  all  the  sediments  which  make  up  the 
middle  and  upper  Bailey  Hill  Beds  were  deposited  from  turbidity 
currents  or  have  suffered  slumping.  A  further  point  which  requires 
emphasis  is  the  occurrence  of  these  sedimentary  phenomena  in  siltstones 
which  are  scarcely  different  from  the  bulk  of  the  Bailey  Hill  Beds  with 
which  they  are  interbedded.  It  is  tnie  that  the  convolute  bands  are 
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Text-ho.  1. — Convolute  lamination  in  the  Bailey  Hill  Beds.  Simplified 
drawings  based  on  field  sketches  indicating  the  manner  in  which 
the  convolutions  die  out  both  downwards  and  upwards. 

calcareous,  but  there  are  equally  calcareous  siltstones  which  show  no 
convolute  bedding.  The  initial  cause  of  these  repeated  thin  convolute 
units,  as  well  as  the  slump-structures,  seems  most  likely  to  have  been 
one  of  earth  tremors  which  might  be  expected  to  occur  on  the  unstable 
sea  floor  of  this  late  stage  of  evolution  of  the  Welsh  basin. 
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V.  Current  Directions 

Directional  features  are  uncommon  in  the  Bailey  Hill  Beds  because 
the  sediments  are  fine  grained.  About  a  dozen  observation:  of  cross¬ 
bedding,  crinkle  marks,  and  other  structures,  collected  from  this 
relatively  small  area,  but  from  a  large  thickness  of  strata,  indicate  that 
the  direction  of  movement  of  the  sediments  was  approximately  towards 
the  west-north-west,  a  conclusion  in  accordance  with  that  reached  by 
Williams  and  Prentice  in  their  investigation  of  crinkle  marks  in  North 
Herefordshire,  some  IS  miles  to  the  east. 

Excluded  from  this  generalization  is  some  directional  information 
from  a  limestone  conglomerate  exposed  at  a  few  localities  only  in  the 
south-western  comer  of  the  outcrop  of  the  Bailey  Hill  Beds,  and  south¬ 
west  of  the  other  stations  at  which  directional  observations  were  made. 
This  is  best  seen  in  the  railway  cutting  (SO/ 1972  7216)  about  a  mile 
west-north-west  of  Llangunllo,  where  it  is  12  feet  thick.  This  rock, 
like  certain  other  such  localized  limestone  conglomerates  in  the  Lud¬ 
lovian  of  the  Welsh  Borderland,  comprises  flat  more  or  less  rounded 
pebbles  of  fine  limestone  which  lie  within,  and  are  to  a  certain  extent 
“  wrapped  round  ”  by,  calcareous  siltstones.  In  this  exposure  the 
pebbles,  up  to  9  inches  in  length,  are  arranged  with  an  obvious 
preferred  orientation.  Measurements  were  made  first  of  the  long 
axes  of  fifty  pebbles  upon  a  single  bedding  plane.  These  were  found  to 
show  a  NE-SW  orientation.  Next  a  vertical  joint  surface  was  chosen 
which  approximated  to  the  direction  already  established  on  the  bedding 
plane.-  Here  the  inclination  of  sixty  pebbles  in  relation  to  the  general 
bedding  was  measured.  The  pebbles  were  found  to  be  largely  arranged 
in  imbricate  fashion,  with  their  flat  surfaces  showing  an  initial  dip 
towards  the  north-east,  suggesting  that  the  pebbles  moved  down  the 
sea  floor  in  that  direction. 
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EXPLANATION  OF  PLATE  V 

Fig.  1  .—Polished  specimen  from  old  quarry  about  400  yards  east  of  Llangunllo 
Church,  showing  convolute  laminations  dying  out  downwards. 
X  2/3. 

Fig.  2. — Polished  specimen  from  Gwem-y-gaufron  Hill,  showing  internal 
puckering  associated  with  complex  “  crinkle  marks  ”  on  the  surface 
of  the  specimen,  x  4/3. 
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Plate  V. 


Fig.  1. 


Fig.  2. 

Convolute  Lamination  and  Internal  Puckering  in  Lower  Ludlow 

Rix^ks 


Minor  Acid  Intrusions  and  Dykes  of  Lamlash— Whiting 
Bay  Region,  Arran 

By  M.  Srirama  Rao 
Abstract 

Thin  sills  and  dykes  of  pitchstone  and  felsite  and  dykes  of 
crinanite,  olivine-dolerite,  tholeiites  of  different  types,  quartz- 
dolerite,  andesite,  craignurite-pitchstone,  felsite  and  porphyry  are 
described  and  the  importance  of  contact  and  deep-seated  hybridiza¬ 
tion  of  two  magmas  of  contrasting  basic  and  acid  composition 
in  their  formation  established.  Among  the  dykes,  the  sequence  of 
intrusion  is  surmised  to  be  as  follows :  basic,  sub-basic,  intermediate, 
acidic,  and,  again,  basic. 

IN  an  earlier  publication  the  author  (1958)  described  the  more  im¬ 
portant  Tertiary  igneous  intrusions  in  the  Lamlash-Whiting  Bay 
region  which  are  composite  or  multiple  in  character.  Of  the  other 
igneous  bodies,  excepting  crinanite  sills,  thin  sills,  bosses  and  dykes  of 
acid  rock  as  also  dykes  of  different  compositions  are  dealt  with  here. 

Minor  Acid  Intrusions 

Sills  and  bosses  as  also  dykes  of  pitchstones  and  allied  felsites  and 
quartz-feldspar-porphyries  are  included  in  this  category.  The  pitch- 
stones  of  Arran  are  very  well  known  and  have  been  studied  by  Harker 
(1903)  and  a  number  of  other  workers  {vide  Arran  memoir  (1928), 
p.  224)  before  and  more  recently  by  Tilley  (1957). 

Distribution: — In  Glen  Ashdale  are  exposed  a  few  dykes  of  pitch- 
stone  and  felsite  and  a  thin  sill  of  spherulitic  felsite  with  affinities  to 
pitchstone.  A  pitchstone  dyke  to  the  N.E.  of  Cnoc  Mor,  867  O.D., 
running  W.N.W.-E.S.E.  penetrates  the  adjoining  sill  of  felsite  and  this 
is  a  clear  indication  of  its  formation  later  than  the  sill.  The  Allt 
Dhepin  section  contains  a  number  of  dykes  of  felsite  resembling 
pitchstone.  In  the  vicinity  of  Loch  na  Leirg  occurs  a  N.N.W.-S.S.E. 
dyke  of  porphyritic  pitchstone  and  an  intrusive  boss  of  spherulitic 
felsite.  These  and  other  occurrences  of  dykes  of  pitchstone  and  of 
quartz-feldspar-porphyry  have  been  described  by  Tyrrell  {ibid.,  1928). 
Further,  a  N.W.-S.E.  dyke  of  quartz-porphyry  is  exposed  about  half 
a  mile  south  of  Sheepfold  that  lies  close  to  Kingscross  Burn. 

Of  the  Monamore  Glen  pitchstones,  the  largest  exposures  are  at 
Croc  and  at  Mill  (Text-fig.  1),  other  smaller  ones  being  near  Dam  and 
Glenarry.  They  have  been  described  by  Scott  (1913)  and  by  Tyrrell 
(1928,  pp.  214-215).  Further,  three  thin  sills  of  pitchstone  are  exposed 
near  Glenarry.  The  quarry  at  the  eighth  milestone  on  the  Lamlash- 
Sliddery  road  uncovers  dykes  of  felsite  occurring  singly  with  a  maximum 
width  of  1 5  feet,  the  same  rock  being  also  a  component  of  composite 
dykes. 
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A  study  of  these  occurrences  shows  that  while  pitchstones  and  allied 
felsites  occur  as  thin  sills,  intrusive  bosses  and  dykes,  the  quartz- 
feldspar-porphyries  and  quartz-porphyries  are  found  only  as  dykes  and 
that,  too,  comparatively  rarely.  While  the  vast  majority  of  the  intrusions 
trend  N.W.-S.E.  or  N.N.W.-S.S.E.  and  have,  in  general,  a  maximum 
thickness  of  about  20  feet,  the  pitchstone  sills  near  Croc  in  Monamorc 
Glen  have  an  E.-W.  strike,  the  thickness  of  one  of  them  being  30  feet 
and  another  60  feet.  As  regards  age  relations,  nowhere  are  minor 
acid  intrusions  seen  to  be  cut  by  a  member  of  the  composite  or  multiple 
sills. 

Petrography  : — (o)  Inninmorite-pilchstone : — The  glassy  rocks  of  this 
group  with  vitreous  lustre  show  a  wide  variation  in  colour  from  black 
through  various  shades  of  dark  brown  and  green  to  light  yellowish- 
green.  They  are  mostly  porphyritic  with  crystals  of  plagioclase,  augitc, 
and  rhombic  pyroxene  embedded  in  a  turbid  glassy  matrix  rich  in 
crystallites  of  varying  dimensions.  Enstatite-augite  characteristic  of 
the  inninmorite  of  Mull  is,  however,  lacking.  Augite  has  highly  resorbed 
margins  while  stout  prismatic  crystals  of  hypersthene  are  pleochroic. 
The  latter  mineral  has  2V^  52°  to  53-5°  indicating  its  iron-rich  nature 
(Winchell  (1933),  p.  218)  with  up  to  54  per  cent  FeSiO*.  Hornblende 
as  recrystallized  prisms  of  brownish  hue  and  as  greenish  microlites 
and  crystallites  in  the  glassy  base,  sometimes  assuming  an  arborescent 
shape,  is  common.  Crystals  of  aegirine-augite,  often  clustered  together 
resulting  in  stellate  forms,  as  also  biotite  are  occasionally  present. 
Leucoxenized  titaniferous  iron-ore  has  a  skeletal  habit. 

The  phenocrystal  plagioclase  in  the  form  of  tabular  stumpy  crystals 
is  mostly  polysynthetically  twinned  and  sometimes  zoned.  Optical 
discontinuity  in  one  and  the  same  crystal  is  observed.  2V  varies  from 
88°  over  Z  to  82°  on  XfAnat  to  «o).  The  matrix  in  some  cases  is  devi- 
trihed  resulting  in  banding  in  the  rock.  Ill-developed  spherulitic 
alkali-feldspar  is  occasionally  found.  Apatite  and  zircon  are  the 
accessory  minerals.  In  places,  phenocrystic  quartz  with  “  inlets  ”  of 
groundmass  and  veined  by  alkali-feldspar  and  albite  has  been  observed. 
Relics  of  incoTwrated  xenoliths  as  concentrations  of  skeletal  iron-ore 
and  acicular  pyroxene  are  common. 

The  chemical  composition  and  the  mode  are  given  in  Table  1. 

The  pitchstone  appears  to  bear  a  close  resemblance  in  chemical 
composition  to  the  felsitic  end-member  of  the  craignurite  series  from 
the  Allt  Dhepin  sill  (Arran  memoir,  (1928),  p.  147)  though  it  is  relatively 
more  acidic  when  compared  to  the  innimorite-pitchstones  of  Ardna- 
murchan  and  Mull  (Ardnamurchan  memoir  (1930),  p.  84  and  Q.J.G.S. 
Ixxi,  p.  212). 

(h)  Felsite-Devitrified  Pitchstone: — Good  examples  of  devitrified 
pitchstones  resembling  felsites  are  noted  in  the  intrusive  boss  south  of 
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Urie  Loch.  The  quartz-augite-felsite  of  this  locality  has,  further,  been 
invaded  by  relatively  more  acid  soda-rich  granophyre  constituted  of 
abundant  micropegmatite  and  little  or  no  dark  minerals.  The  insensible 
gradation,  in  thin  section,  of  one  rock  to  the  other  without  anything 
like  chilling  is  proof,  again,  of  the  liquid  state  in  which  they  mixed  with 
each  other. 

The  development  of  banding  in  general  and  of  felsitic  texture  in 
the  glassy  rock,  more  prominently  along  some  bands  than  along  the 
rest,  as  also  the  co-existence  of  relics  of  glass  with  spherulitic  alkali- 
feldspar  and  quartz  support  devitrification. 

(c)  Quartz-feldspar-porphyry: — ^The  rock,  under  the  microscope, 
shows  phenocrystic  quartz  and  feldspar  (anorthoclase  2V„  46°  to 

Table  1 


Mode 

Plagioclase  .  .10-8 

Anorthoclase  .  .  2-0 

Pyroxene  (porphyritic)  .  3-1 

Hornblende  and  pyroxene 
(microlitic)  .  .  .  4-0 

Iron-ore  .  .  .  .1-3 

Quartz  .  .1-3 

Mesostasis  .  .  .77-5 

1.  Inninmorite-pitchstone,  dyke,  about  a  third 
of  a  mile  west  of  Loch  na  Leirg,  at  the 
source  of  the  tributary  to  AUt  Dhephin, 
Whiting  Bay,  Arran.  Anal:  W.  H. 

Herdsman. 

49-5°)  in  a  microcrystalline  felsitic  groundmass,  and  where  pheno- 
crystal  feldspar  is  wanting,  it  is  a  quartz-porphyry.  Partially  digested 
xenoliths  of  subophitic  quartz-dolerite  made  up  of  augite,  rhombic 
pyroxene,  pseudomorphous  chlorite  and  some  biotite  and  iron-ore 
with  a  mesostasis  of  alkali-feldspar  show  sharp  contacts  with  the 
enclosing  porphyry.  The  felsites  with  relics  of  digested  xenoliths  of 
quartz-basalt  and  quartz-dolerite  are  in  no  way  different  from  those 
occurring  as  acid  members  in  composite  intrusions  described  by  the 
author  (Rao,  1958). 

Dykes 

The  dykes  of  this  area  constitute  a  part  of  the  Arran  dyke  swarm  the 
general  trend  of  which  is  N.W.-S.E.  changing  gradually  to  N.N.W.- 
S.S.E.  The  vast  majority  of  them  strike  N.W.-S.E.  or  N.N.W.-S.S.E., 
the  rest  running  W.N.W.-E.S.E.,  N.-S.,  E.-W.,  and  N.E.-S.W.  in  order 
of  decreasing  frequency.  They  are  well  exposed  between  the  high  and 


1 


SiO,  69-78 

A1,0,  12-47 

Fe,0,  0-59 

FeO  3-06 

MgO  0-39 

CaO  1-72 

Na,0  3-43 

K,0  2-52 

H,0  +  4-08 

H,0-  1-70 

TiO,  0-23 

PtOs  nil 

MnO  trace 


99-97 


Text-hg.  2. — ^Dykes  on  the  shore  of  Whiting  Bay.  1.  Crinanite  dykes, 
la.  Crinanite  dyke  of  a  later  age.  2.  Olivine-tholeiite  dykes. 
3.  Tholeiite  and  quartz>dolerite  dykes. 
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low-water  marks  along  the  coastlines  of  Whiting  Bay  (Text-fig.  2)  and 
Lamlash  Bay  and  the  valleys  of  Monamore  Glen  (Text-fig.  1),  Allt 
Dhepin,  Allt  Garbh  and  Allt  nan  Clach.  They  fill  vertical  or  nearly 
vertical  fissures  and  mostly  cut  across  the  sandstone  though  some  of 
them  intersect  among  themselves.  The  majority  belong  to  the  basaltic 
division. 

Distribution  and  Petrography : — From  the  viewpoints  of  petrography 
and  composition  the  dykes  can  be  grouped  as  follows : — (i)  crinanites 
and  olivine-dolerites  (ii)  tholeiites  and  quartz-dolerities  (iii)  augite- 
andesites  and  allied  intermediate  rocks  and  (iv)  rocks  of  acidic 
composition. 

(i)  Crinanites  and  Olivine-dolerites: — Generally  about  10  to  13  feet 
in  thickness  and  rarely  S  feet  as  the  one  on  the  Lamlash  shore  south  of 
Cordon,  the  dykes  of  this  group  are  mostly  cut  by  tholeiite  dykes,  as 
for  example  on  the  Whiting  Bay  shore.  However,  about  half  a  mile 
north  of  the  Pier  on  the  same  shore  a  crinanite  dyke  striking  N.N.W.- 
S.S.E.  and  extending  for  nearly  3(X)  yards  cuts  three  tholeiite  dykes 
close  by  which  strike  respectively  N.W.-S.E.,  W.N.W.-E.S.E.,  and 
E.-W.  (Text-fig.  2). 

The  crinanite  shows  typical  ophitic  texture  and  consists  essentially 
of  olivine,  titanaugite,  labradorite  and  iron-ore  along  with  analcite, 
other  zeolites,  apatite,  alkali-feldspar  and  occasionally  some  biotite 
as  accessory  minerals,  besides  secondary  constituents  such  as  serpen¬ 
tine,  calcite,  epidote,  etc.  The  mode  for  a  specimen  from  the  Whiting 
Bay  shore  about  half  a  mile  north  of  the  Pier  is  as  follows ; — Olivine 
18-0;  titanaugite  13-6;  iron-ore  7-7;  plagioclase  54*1;  analcite 
4-9;  other  zeolites  1 -7. 

Olivine  has  2V^84°  (Fo,,  Fa,»);  the  pyroxene  is  invariably  a 
titanaugite  (2Vy  58°  ±1-5°  Zac  47°) ;  the  plagioclase  is  always  twinned 
and  rarely  zoned,  the  big  lath-shaped  crystals  in  ophitic  intergrowth 
with  titanaugite  having  2V„88°  (An,t)  though  the  bulk  of  the  mineral 
in  the  form  of  jailer  crystals  is  labradorite  (2Vy74°  to  75  •  5°;  An  ,»-u). 

Diminutidh  in  the  amount  of  olivine  combined  with  the  total  absence 
of  analcite  results  in  olivine-dolerites. 

(ii)  Tholeiites  and  Quartz-dolerites: — This  group  of  dykes  consti¬ 
tutes,  by  far,  the  largest  proportion  of  the  dyke  swarm.  Extending 
for  short  distances,  rarely  over  200  yards,  they  exhibit  a  considerable 
variation  in  thickness,  from  3  feet  to  21  feet,  this  maximum  thickness 
being  for  the  intrusion  exposed  half  a  mile  S.E.  of  634  O.D.,  Allt 
Dhepin  where  an  occasional  N.-S.  trend  is  noticed.  While  mostly 
exposed  in  sandstone,  they,  in  places,  cut  the  crinanite  sills  and  dykes, 
as  for  example  near  Whiting  Bay  Pier  as  also  50  yards  north  of  it, 
the  N.W.-S.E.  crinanite  dyke  there  having  been  cut  by  a  N.-S.  tholeiite 
dyke.  Further  north,  as  described  earlier,  they  are,  in  turn,  cut  by  a 
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crinanite  dyke.  They  are  cut  by  felsites  in  some  composite  dykes  as  the 
one  at  Dam  in  Monamore  Glen  and  that  in  the  quarry  at  the  eighth 
milestone  on  the  Lamlash-Sliddery  road. 

The  tholeiites  are  medium  to  fine-grained,  dark  grey  or  bluish  grey 
in  colour  and  show  an  intersertal  texture  the  types  recognized  being 
(a)  Largs  type  (b)  Olivine-tholeiite  of  Brunton  type  (c)  Anorthite- 
bearing  Brunton  type  (d)  Talaidh  type  and  (e)  Porphyritic  tholeiite 
with  close  affinities  to  Cleveland  type. 

Largs  type  of  tholeiite : — This  is  the  most  basic  olivine-rich  rock  of 
this  group  of  tholeiites  occurring,  as  for  example,  in  the  gorge  at  Creag 
Bhan,  Allt  Mor,  and  in  the  bed  of  Glen  Ashdale  Bum  at  150  O.D, 
In  thin  section,  numerous  microphenocrysts  of  fresh  olivine  (2V„87° 
±1-5°;  Fa  17  to  Fan)  and  of  basic  plagioclase  (2Vo79-5°  to  86°; 
An;,  to  Anta),  sometimes  aggregated  into  glomeroporphyritic  groups, 
occur  in  a  groundmass  consisting  of  laths  of  labradorite  (2Vy7S° ;  Anta). 
plates  of  augite,  some  of  which  appear  to  be  of  enstatite-augite,  skeletal 
iron-ore  and  partially  devitrified  brown  glass.  The  sample  from  Creag 
Bhan  has  the  following  proportions  of  minerals  (volume  %)  plagio¬ 
clase  42-6;  olivine  16  0;  iron-ore  5-8;  pyroxene  17-6;  mesostasis 
12-6;  calcite5-4. 

Olivine-tholeiite  of  Brunton  type : — This  is  a  common  member  being 
seen  in  the  quarry  at  the  eighth  milestone  on  the  Lamlash-Sliddery 
road,  on  the  Whiting  Bay  shore  close  to  Temperance  Hotel  as  also 
nearby  underneath  the  Pier  cutting  there  the  crinanite  dyke  with  the 
development  of  tachylytic  margins.  Light  grey  in  colour,  fine-grained 
and  with  platy  structure,  it  consists  of  a  few  microphenocrysts  of 
feldspar  and  olivine  set  in  a  plexus  of  feldspar  laths,  augite  granules 
and  finely  granular  rod-like  iron-ore  besides  greenish-black  glass. 
Stellate  grouping  of  feldspar  laths,  characteristic  of  the  Brunton  type, 
is  frequent. 

Anorthite-bearing  Brunton  type  of  tholeiite: — Of  the  olivine-free 
tholeiites  this  type  seems  to  be  abundant.  Two  exposures,  each  parallel 
to  the  other,  occur  on  the  Whiting  Bay  shore  respectively  about  100 
and  1 50  yards  south  of  the  Pier.  The  rock  is  fine-grained  with  glistening 
plates  of  feldspar,  which,  under  the  microscope,  are  seen  to  have 
fretted  edges  the  mineral  being  bytownite-anorthite.  The  matrix  has 
augite  plates  and  plagioclase  laths,  more  or  less  in  equal  amounts, 
with  abundant  interstitial  glassy  base  containing  some  microlites,  the 
laths  being  clustered  and  aggregated  in  such  a  way  as  to  give  rise  to 
the  characteristic  stellate  structure  which  indicates  crystallization  from 
several  common  initial  points. 

Considerable  variation  in  the  proportion  of  the  glassy  base  is  a 
common  feature.  Further,  in  the  dyke  that  is  exposed  a  few  yards  north 
of  634  O.D.,  in  Allt  Dhepin,  veining  by  craignurite  with  no  chilling  or 
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reduction  in  grain  size  was  observed  indicating  invasion  while  the 
material  was  still  hot.  The  craignurite,  however,  has  picked  up  as 
xenocrysts  a  few  tabular  crystals  of  basic  plagioclase  from  the  tholeiite. 

Talaidh  type  of  tholeiite : — ^This  type  is  noticed  in  the  dyke  at 
Waterfall  in  Glen  Ashdale  Burn.  It  has  conspicuous  xenocrysts  of 
quartz  and  sheaf-like  aggregates  of  augite,  lath-shaped  labradorite 
and  skeletal  iron-ore  with  some  mesostasis  of  dusty  alkali-feldspar 
and  clear  interstitial  quartz.  The  xenocrystal  quartz  has  rounded  and 
corroded  margins  which  are  invested  with  radiating  columnar  crystals 
of  pyroxene,  the  result  of  reciprocal  reaction  between  the  acid  xeno- 
cryst  and  the  sub-basic  magma. 

Porphyritic  tholeiite  with  affinities  to  the  Cleveland  type : — The  dyke 
on  the  Whiting  Bay  shore  north  of  the  Pier  and  close  to  Manse  shows, 
in  microsection,  phenocrysts  of  labradorite  and  enstatite-augite  in  a 
mesostasis  of  dark  glass,  and  some  iron-ore.  The  rock,  as  a  whole, 
exhibits  close  affinities  to  the  Cleveland  type  of  tholeiite  described  and 
figured  by  Holmes  and  Harwood  (1929). 

Quartz-dolerites : — These  are  some  of  the  commonest  dyke  rocks. 
They  are,  in  every  respect,  similar  to  those  occurring  as  basic  members 
in  the  composite  and  multiple  sills  described  by  the  author  (Rao,  I9S8). 
Generally,  they  contain  partially  digested  xenoliths  of  quartz-basalt, 
or  xenocrysts  of  quartz  with  reaction  rims  of  columnar  rhombic 
pyroxene,  the  sub-ophitic  labradorite,  in  places,  having  been  replaced 
by  soda-orthoclase  with  fingerprint  structure.  Some,  as  for  example, 
the  dyke  i  mile  E.S.E.  of  982  O.D.,  Allt  Dhepin  are  porphyritic,  due, 
probably,  to  intratelluric  crystallization  of  basic  plagioclase  as  the 
phenocrystal  constituent  and  may  be  considered  the  hypabyssal, 
holocrystalline  representatives  of  the  Brunton  type  of  tholeiite.  The 
tabular  phenocrysts  of  labradorite  show  oscillatory  zoning  which, 
according  to  Fenner  (1926,  p.  700),  is  due  to  the  accession  of  the  original 
magma  at  intervals  on  the  crystallizing  matter  such  that  the  composi¬ 
tion  of  the  latter  reverts  to  the  original. 

Tachylyte : — A  dyke  cutting  the  orinanite  sill  towards  the  eastern 
end  of  Monamore  Glen  and  having  a  sharp  contact  with  it  belongs  to 
this  type.  Similar  rocks  constitute  the  black  veins  that  penetrate  the 
whitish-weathering  crinanite  in  more  or  less  parallel  bands  and  in  the 
form  of  an  intricate  network  near  Kingseross  Point.  Geikie  (1940, 
p.  204)  has  reproduced  a  photograph  of  this  occurrence  though  the 
veins  have  been  wrongly  indicated  as  invading  sandstone.  Further, 
several  tholeiite  dykes  on  the  shore  and  some  in  the  bed  of  Glen  Ashdale 
Burn  near  Waterfall  in  the  Wood  have  selvages  of  tachylyte. 

The  Monamore  dyke  is  chilled  against  the  crinanite  which,  in  the 
vicinity,  has  been  granulitized  due,  probably,  to  the  heat  of  the  intrusion. 
The  dyke  rock  is  made  up  of  a  few  microporphyritic  crystals  of  andesine, 
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an  occasional  grain  of  augite  and  granules  of  iron-ore  the  bulk  of  it 
being  dark  glass  somewhat  devitrified. 

(iii)  Rocks  of  Intermediate  Composition : — The  dykes  of  this  composi¬ 
tion  are  poorly  represented.  They  strike  N.W.-S.E.,  extend  for  short 
distances  and  are  thin. 

Augite-andesite: — Is  exposed  at  Creag  Bhan,  Allt  Garbh,  as  a 
fine-grained  non-porphyritic  rock  which,  under  the  microscope,  shows 
pilotaxitic  texture  with  small  feldspar  crystals  arranged  in  a  criss-cross 
pattern,  the  groundmass  being  filled  with  microlites  of  pyroxene, 
grains  of  iron-ore  and  abundant  colourless  to  pale  green  glass  besides 
needles  of  apatite.  The  pyroxene  appears  to  be  pigeonite,  the  micro- 
porphyritic  twinned  plagioclase  is  andesine  while  the  several  small 
laths  are  of  oligoclase. 

In  places,  the  rock  shows  a  variolitic  structure  and  has,  in  thin 
section,  several  radiating  and  branching  crystals  of  albitized  plagioclase, 
augite,  and  iron-ore  all  of  which  constitute  the  varioles  in  a  glassy 
groundmass  rich  in  chlorite  and  more  or  less  devitrified. 

Craignurite : — A  dyke  on  Monamore  Glen  cutting  the  crinanite  there 
and  another  in  the  quarry  close  to  Gortonallister  on  the  Lamlash- 
Whiting  Bay  road  come,  among  others,  under  this  category.  The 
microsections  exhibit  the  characteristic  acicular  and  skeletal  crystalliza¬ 
tion  and  reveal  the  rocks  to  be  almost  identical  with  craignurite  and 
“  thorough  hybrid  ”  occurring  in  the  composite  and  multiple  sills 
(Rao,  1958). 

(iv)  Rocks  of  Acidic  Composition : — ^The  dykes  of  pitchstone  and  its 
devitrified  variant  of  felsitic  nature,  of  felsite  and  quartz-feldspar- 
porphyry,  etc.,  have  been  considered  in  the  previous  section  under 
“  Minor  Acid  Intrusions 


Discussion 

The  wide  variation  in  composition  of  the  dyke  rocks  from  very 
basic  under-saturated  types  such  as  crinanite  to  acid  components 
such  as  pitchstone,  felsite,  and  porphyry  is  significant.  The  basic  and 
acid  members  are,  as  in  composite  and  related  intrusions,  somewhat 
sub-basic  and  sub-acidic  in  nature  as  a  result  of  contamination.  Another 
point  of  interest  is  that  the  intermediate  rocks  are  not  half  as  common 
as  the  other  groups  taken  singly. 

To  explain  the  diversity,  two  magmas  of  contrasting  basic  and  acid 
composition  need  to  be  invoked  and  the  established  basic  to  acid  order 
of  injection  given  due  recognition.  When  tholeiites,  quartz-dolerites, 
etc.,  were  formed,  the  basic  magma  must  have  been  contaminated  by 
the  acid  magma  at  depth  resulting  in  sub-basic  rocks  as  also  inter¬ 
mediate  types  such  as  andesite,  craignurite,  etc.  Further,  the  role  of 
contact  hybridization  is  clear  from  the  numerous  partially  digested 
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xenoliths  encountered  in  many  rocks,  particularly  the  acid  ones  which 
represent  crystallization  from  an  acid  magma  that  has  suffered  deep- 
seated  hybridization. 

The  age  relations  of  the  dykes  among  theniselves  and  with  reference 
to  the  minor  acid  intrusions  are,  by  no  means,  easy  to  disentangle. 
However,  as  pointed  out  earlier,  some  of  the  pitchstone  dykes  are 
definitely  later  than  the  last  acid  phase  of  injections  in  the  sills  and 
bosses,  while  some  felsite  dykes  might  be  of  the  same  age  as  their 
analogues  in  the  sills.  While  most  of  the  observed  instances  indicate 
that  crinanite  dykes  are  the  earliest  to  be  formed,  more  or  less  con¬ 
temporaneous  with  the  big  sills  of  crinanite,  still,  in  one  case  at  least, 
there  is  a  definite  proof  of  a  crinanite  dyke  being  later  than  that  of 
tholeiite  and,  hence,  of  the  recurrence  of  the  phase  of  basic  magma 
towards  the  close  of  the  igneous  activity. 

Thus,  the  sequence  in  the  Tertiary  dyke  activity  of  this  area  is 
surmised  to  be  as  follows :  basic  -*■  sub-basic  -*■  intermediate  -»■  acidic 
— followed  by  basic,  unless,  again,  some  evidence  is  brought  forward  to 
prove  a  second  basic  to  acid  order  of  injection.  This  sequence  is  very 
much  in  accordance  with  that  established  for  the  Moume  dyke  swarm 
by  Tomkeiff  and  Marshall  (1935). 
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The  Composite  Sill  of  Rudh*  an  Eireannaich,  Skye 
By  D.  S.  Buist 
Abstract 

The  composite  sill  of  Rudh’  an  Eireannaich,  Skye,  is  composed 
of  basalt  and  felsite  with  narrow  hybrid  zones  between  them.  The 
petrography  of  the  rocks  is  described,  accompanied  by  some  chemical 
and  spectrographic  data. 


Introduction 


The  Tertiary  composite  sills  of  Skye,  numbering  about  twenty  in 
all,  have  been  described  by  Marker  (1904). 

The  composite  sill  of  Rudh’  an  Eireannaich  (“  Irishman's  Point  ”) 
is  situated  about  one  mile  north  of  the  village  of  Broadford,  Skye,  on 
the  west  side  of  Broadford  Bay. 

The  only  detailed  work  carried  out  on  the  intrusion  is  by  Marker 
(1904).  Richey  (1948)  describes  it  in  general  terms  (after  Marker)  and 
provides  a  revised  diagram  of  a  section  through  the  sill. 


Field  Relations 

The  sill  is  intruded  into  sandstones  of  Lower  Lias  age  which  dip  at 
about  10  degrees  to  the  N.N.W.  The  sandstones  are  cut  by  a  number  of 
Tertiary  basic  dykes  and  three  of  these  cut  the  sill  in  the  vicinity  of  the 
point.  In  the  immediate  area  of  the  point,  there  are  several  discon¬ 
tinuous  masses  of  Tertiary  granophyre. 

The  sill  is  first  seen  from  the  direction  of  Broadford  as  a  low  cliff 
running  from  the  Rudh’  an  Eireannaich.  The  intrusion  itself  is  about 
15  feet  at  its  thickest  part.  Here,  the  section  is: — 

S.  Upper  basalt,  up  to  2^  feet  in  thickness. 

4.  Hybrid  zone,  9  in.  to  1  foot  in  thickness. 

3.  Felsite,  up  to  8  feet  in  thickness. 

2.  Hybrid  zone,  9  in.  to  1  foot  in  thickness. 

1.  Lower  basalt,  up  to  2^  feet  in  thickness. 

Precise  divisions  are  difficult  to  make  in  the  field  and  the  above  section 
can  only  be  drawn  up  after  microscopic  examination  of  serial  sections. 

A  short  distance  above  the  main  sill,  there  are  two  thin  basic  sheets 
intruded  into  the  sandstone.  The  lower  of  these  has  a  thickness  of 
li  feet,  while  the  upper  is  1  foot  thick. 

Petrography 

The  lower  basalt  will  be  described  in  detail  from  its  base  upwards. 
A  short  note  on  the  upper  basalt  will  be  followed  by  a  discussion  of  the 
felsite,  the  hybrid  zones  and  then  the  two  thin  sills  above  the  main  sill. 
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(i)  Lower  basalt.  The  contact  of  this  sheet  with  the  sandstone  shows 
the  development  of  flow-banding  of  variously  coloured  glasses.  An 
analysis  of  this  rock  from  the  contact  zone  is  given  in  Table  1.  This 
brings  out  the  relatively  high  percentage  of  combined  water  and  CO,. 
A  quantitative  spectrographic  analysis  of  the  rock  is  quoted  in  Table  2. 

Inside  the  chilled  zone,  the  rock  contains  xenocrysts  and  pheno- 
crysts  of  feldspar  in  a  groundmass  of  laths  of  andesine  (An  4,),  a  relatively 
high  percentage  of  iron-ore,  granular  augite  (mainly  altered  to  chlorite), 
calcite  and  occasional  flecks  of  biotite. 

Table  I. — Chemical  Analyses  and  Norms,  Composite  Sill  of  Rudh’  an 


SiO,  . 
A1.0, 
Fe,0, 

FeO  . 

1 

.  50-66 
.  15-72 
.  0-94 
.  9-18 

Eireannaich,  Skye. 

2 

66-48 

14-01 

0-60 

4-55  0 

1 

.  12-84 

Norms  2 

27-12 

MgO 

.  4-67 

1-32 

or 

.  9-45 

21-13 

CaO 

.  6-18 

1-88 

ab 

.  20-96 

30-39 

Na,0. 

.  2-46 

3-58 

an 

.  8-62 

— 

K,0  . 

.  1-57 

3-55 

C 

.  6-73 

4-18 

H,0  + 

.  3-29 

1-41 

hy  . 

.  26-09 

9-66 

H,0- 

.  0-40 

0-44 

mt 

.  1-39 

0-93 

CO,  . 

.  3-47 

1-56 

il 

,  1-98 

1-22 

TiO, 

.  1-02 

0-62 

ap 

.  — 

0-34 

P.O,  . 

.  0-07 

0-09 

calcite 

.  8-00 

3-40 

MnO 

.  0-16 

0-12 

water 

.  3.69 

1-85 

Totals 

.  99-79 

100-21 

Totals 

,  99-75 

100-22 

Sp.Gr. 

.  2-74 

2-64 

1 .  Chilled  edge  of  lower  basalt  against  country  rocks,  Rudh*  an  Eireannakh, 
Skye. 

2.  Centre  of  felsite,  Rudh*  an  Eireannaich,  Skye.  (Analyst:  W.  H. 
Herdsman.) 

The  mineralogical  composition  of  the  rock  from  the  middle  of  the 
sheet  is  essentially  similar,  except  that  the  andesine  laths  of  the  ground- 
mass  have  a  composition  of  An4,_4«. 

The  lower  basalt  sheet  contains  thin  impersistent  felsitic  stringers, 
small  areas  of  finer  grained  basalt  and  very  occasional  partially 
resorbed  gabbroic  segregations. 

The  fine-grained  basaltic  areas  are  composed  of  relatively  large 
laths  of  labradorite  in  a  matrix  of  labradorite,  abundant  fairly  fresh 
granular  clinopyroxene,  iron-ore  and  subordinate  quartz.  The  margins 
of  these  areas  are  finer-grained  than  their  interiors.  They  are  inter¬ 
preted  as  being  parts  of  a  quickly-cooled  magma  “  skin  *’  that  locally 
cracked ;  the  fragments  were  then  caught  up  and  incorporated  in  the 
basaltic  magma.  An  analogy  would  be  the  more  quickly  cooled 
surface  of  a  lava-flow. 

The  gabbroic  segregations  are  composed  of  labradorite  (An,,), 
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faint  brown  augite,  and  occasional  relatively  large  plates  of  iron-ore. 
The  optical  properties  of  the  augite  are : — 

nX  =  1  -694,  nY  =  1  -699,  nZ  =  1  -720;  zAC  =  42i°,  2V  =  47° 
(average  of  6  determinations)  Can  Mg, 7  Fe,,,  according  to  Hess 
(1949). 

Six  inches  below  the  contact  ”  of  lower  basalt  and  hybrid  zone, 
the  basaltic  rock  is  essentially  similar  to  the  rock  taken  from  the  centre 
of  the  lower  basalt.  The  main  difference  is  that  biotite  occurs  together 
with  a  subordinate  amount  of  interstitial  quartz,  zircon,  and  tremolite. 

(ii)  Upper  basalt.  This  is  closely  similar  in  its  mineralogical  variation 
to  the  lower  basalt. 

(iii)  The  felsite.  In  hand-specimen,  the  rock  from  the  centre  of  the 
sheet  is  markedly  fine-grained  and  light  in  colour;  grey-white  turbid 
feldspar  phenocrysts  are  prominent.  The  rock  is  composed  of  highly 
altered  phenocrysts  of  plagioclase  (albite  or  oligoclase)  in  a  feldspathic 
groundmass  containing  calcite,  scattered  magnetite,  irregularly  shaped 
crystals  of  pyrite,  ilmenite,  deep  green  chlorite,  quartz  and  sporadic 
zircon.  Locally,  chlorite  is  virtually  colourless  and  less  abundant. 
An  analysis  of  a  rock  taken  from  the  centre  of  the  felsite  is  given  in 
Table  1.  A  quantitative  spectrographic  analysis  of  the  rock  is  quoted 
in  Table  2. 

The  felsite  shows  little  mineralogical  variation  throughout  its  mass. 
Thin-sections  taken  from  the  margins  are  essentially  similar  to  those 
from  the  centre  of  the  sheet.  The  only  significant  differences  are 
an  increase  in  the  amount  of  quartz  from  the  margins  towards  the 
centre  and  an  increase  in  amount  and  deepening  in  colour  of  the 
chlorite  in  the  same  direction.  Scattered  areas  of  fine-grained  material 
are  found  throughout  the  sheet;  these  are  composed  of  feldspar,  rela¬ 
tively  abundant  calcite,  granular  iron-ore,  faint  green  to  almost 
colourless  chlorite  and  very  occasional  quartz.  The  association  in 
aggregates  of  feldspar,  chlorite,  quartz,  and  iron-ore  is  characteristic 
of  the  felsite. 

(iv)  The  hybrid  zones.  Thin-sections  from  the  base  of  the  lower 
hybrid  zone  and  the  top  of  the  upper  hybrid  zone  are  of  acidified 
basalts,  composed  of  xenocrysts  of  albite  or  oligoclase  and  largely 
altered  phenocrysts  of  andesine  (An,,)  in  a  groundmass  containing  a 
relatively  high  proportion  of  iron-ore,  together  with  calcite,  biotite, 
pyroxene  and  very  occasional  quartz  grains.  The  main  difference  be¬ 
tween  this  type  and  the  normal  basalt  is  that  little  pyroxene  is  found 
in  the  groundmass.  The  mineral  appears  to  be  pigeonitic,  with : — 

nX  =  1  -705,  nY  =  1  -706,  nZ  =  1  -730;  zAC  =  43°,  2V  =  22° 
(average  of  6  determinations)  Ca,,  Mg,,  Fe,*,  according  to  Hess 
(1949). 
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The  hybrid  zones  show  the  result  of  progressive  acidification  inwards, 
demonstrated  most  markedly  by  the  relatively  rapid  change  in  composi¬ 
tion  of  the  feldspars.  In  the  hybrid  zone  the  rock  changes  from  an 
acidified  basalt  to  a  felsitic  type  within  a  distance  of  9  in.  to  1  foot. 
The  SiOi  per  cent  in  the  middle  of  the  lower  hybrid  zone  is  59-84, 
while  about  a  foot  above  this  (i.e.  6  in.  above  the  top  of  the  lower 
hybrid  zone),  the  SiO,  per  cent  is  64- 12.  A  quantitative  spectrographic 
analysis  of  the  rock  from  the  centre  of  the  lower  hybrid  zone  is  given 
in  Table  2. 

Table.  2. — Quantitative  Spectrographic  Analyses  of  Rocks  of  Com¬ 
posite  Sill  of  Rudh’  an  EmEANNAiCH,  Skye. 


1 

2 

3 

4 

Ba 

.  700 

1500 

1500 

1500 

Be 

5 

5 

5 

5 

Co 

30 

30 

25 

10 

Cr 

.  100 

40 

25 

7 

Cu 

.  100 

100 

200 

70 

Ga 

.  25 

25 

25 

25 

La 

.  15 

80 

100 

200 

Li 

.  25 

70 

40 

20 

Mn 

.  2000 

1500 

1500 

1500 

Mo 

1 

1 

1 

1 

Ni 

60 

100 

60 

40 

Pb 

.  10 

10 

10 

10 

Rb 

70 

70 

100 

150 

Sc 

.  25 

20 

20 

10 

Sr 

.  300 

300 

300 

200 

Ti 

.  8000 

6000 

5000 

5000 

V 

.  300 

150 

100 

80 

Y 

.  150 

200 

200 

300 

Zr 

.  500 

500 

500 

500 

Expressed  in  parts  per  million. 

1.  Chilled  edge  of  lower  basalt  against  country  rocks. 

2.  Centre  of  lower  hybrid  zone. 

3.  Base  of  felsite. 

4.  Centre  of  felsite. 

Analyst :  D.  J.  Swaine. 

(v)  First  thin  sill  above  the  main  sill.  The  rock  is  a  basalt,  composed 
of  xenocrysts  and  phenocrysts  of  feldspar  up  to  3  ntm.  in  length, 
together  with  pyroxene  phenocrysts,  set  in  a  groundmass  of  laths  of 
andesine-labradorite  (Ant*),  granular  augite,  a  good  deal  of  iron-ore 
and  interstitial  glass.  Glomero-porphyritic  aggregates  of  andesine- 
labradorite  (Ans*)  are  relatively  common.  The  pyroxene  phenocrysts 
have  the  following  optical  properties : — 

nX  =  1  -680,  nY  =  1  -687,  nZ  =  1  -710;  zAC  =  41®,  2V  =  52° 
(average  of  6  determinations)  Cat,  Mg**  Feu,  according  to  Hess 
(1949). 

The  groundmass  feldspars  are  in  two  generations,  one  with  an  average 
length  of  0  - 1  mm.  and  the  other  much  smaller. 
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(vi)  Second  thin  sill  above  the  main  sill.  This  sheet  is  essentially 
similar  to  (v)  above,  differing  only  in  that  the  brown  interstitial  glass 
is  present  in  greater  amount  in  the  rock  of  this  second  sill.  The  glass 
contains  numerous  randomly  orientated  microlites  of  iron-ore. 

Petrogenesis  and  Mechanism  of  Emplacement 

It  is  believed  that  the  acid  magma  responsible  for  the  formation  of 
the  felsite  of  the  Rudh’  an  Eireannaich  sill  has  been  generated  at  a 
higher  level  in  the  crust  than  the  basic,  probably  by  a  process  of 
assimilation  of  pre-existing  granitic  rocks.  Xenocrysts  of  albite-oligo- 
clase  in  the  basic  margins  of  the  Rudh’  an  Eireannaich  sill  point  to  a 
certain  amount  of  pre-acidification  when  the  basic  magma  was  in 
contact  with  the  acid.  In  this  sill,  there  has  been  an  intermixing  of  acid 
and  basic  material  while  in  the  liquid  state.  A  continuous  variation  in 
composition  is  indicated  from  margins  of  olivine-free  basalt  through 
narrow  hybrid  zones  to  a  central  core  of  felsite.  This  variation  is  well 
shown  in  a  diagram  given  by  Richey  (1948). 

The  first  act  in  the  emplacement  of  the  sill  was  the  intrusion  of  the 
basic  members,  that  is,  the  upper  and  lower  basalts  of  the  main  sill 
(combined  as  a  sheet  about  5  feet  thick)  and  the  first  and  second  thin 
sills  above  the  main  one.  The  two  thin  sills  above  the  main  one  would 
cool  quickly  against  the  country  rocks,  thus  accounting  for  the  glassy 
residuum  found  in  these  sheets.  In  regard  to  the  basic  rock  of  the 
main  sill,  this  would  not  be  at  a  very  high  temperature,  as  the  observed 
metamorphic  effects  on  the  country  rocks  are  slight,  consisting  only  in 
the  limited  development  of  a  colourless  micaceous  mineral. 

The  next  event  was  the  intrusion  of  the  acid  magma  along  a  “  path 
of  weakness  ”  developed  in  the  middle  of  the  basic  material  of  the 
main  sill.  The  interval  of  time  between  successive  intrusions  was  most 
probably  a  short  one.  In  the  field,  there  is  an  almost  insensible  gradation 
from  basic  to  acid  rocks.  The  mineralogical  evidence  deduced  from 
examination  of  serial  sections  across  the  sill  is  of  great  importance, 
as  it  shows  the  existence  of  narrow  hybrid  zones  between  basic  and 
acid  rocks. 

It  is  convenient  to  adopt  the  terms  of  Tomkeiff  and  Marshall  (1935) 
and  distinguish  “  deep-seated  ”  and  “  contact  ”  hybrids.  To  the  former 
category  belong,  to  a  certain  degree,  the  basaltic  rocks  of  the  main 
sill.  These  sheets  contain  xenocrysts  of  albite-oligoclase,  characterized 
by  a  peculiar  marginal  “  honeycombing  ”  caused  by  the  breaking-up 
of  the  feldspar  into  minute  rounded  units,  in  the  interstices  of  which 
granular  iron-ore  occurs.  Marker  (1904)  first  noted  this  phenomenon 
in  the  composite  sills  of  Skye.  In  addition,  the  feldspar  xenocrysts  of  the 
Rudh’  an  Eireannaich  basalt  are  altered  internally  to  sericitic  material. 
The  few  small  grains  of  quartz  with  undulose  extinction  found  in  the 
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basic  rocks  are  probably  also  of  a  xenocrystal  nature.  Evidence  of 
contact  hybridization  is  seen  in  the  xenoliths  of  basic  material  found  in 
the  acid  rock  and  in  the  sporadic  biotite  of  the  basic  rocks. 

The  rocks  of  the  sill  are  all  highly  altered.  In  the  basalts,  a  relatively 
high  proportion  of  calcite  and  a  micaceous  mineral  of  sericite  type  are 
found ;  in  the  felsite,  the  feldspars  are  extensively  altered,  the  pheno- 
crysts  to  sericite  and  the  laths  of  the  groundmass  to  kaolinitic  material 
and  calcite,  and  a  good  percentage  of  chlorite  is  present  which  is 
considered  to  represent  altered  pyroxene. 

This  extensive  alteration  of  the  rocks  of  the  sill  and  especially  the 
felsite,  can  be  explained  as  a  consequence  of  the  action  of  hydrothermal 
solutions.  These  solutions  probably  passed  through  the  acid  magma 
(potential  felsite)  in  the  centre  of  the  sill  at  a  time  immediately  after  the 
formation  of  the  phenocrysts,  carrying  with  them  potential  calcite  and 
sericite  in  solution,  a  good  deal  of  which  would  migrate  to  the  top  and 
base  of  the  sill  (i.e.  to  the  upper  and  lower  basalts).  The  high  water 
in  the  latter  sheets  would  be  explained  by  this. 

Acknowledgments 

The  writer  is  indebted  to  Dr.  D.  J.  Swaine  of  the  Macauley  Soil 
Institute,  who  carried  out  the  spectrographic  analyses. 

REFERENCES 

Marker,  A.,  1904.  The  Tertiary  igneous  rocks  of  Skye.  Mem.  Geol.  Surv. 
Scotland. 

Hess,  H.  H.,  1949.  Chemical  composition  and  optical  properties  of  common 
clinopyroxenes.  Amer.  Min.,  vol.  xxxiv,  621-666. 

Richey,  J.  E.,  1948.  Scotland:  the  Tertiary  volcanic  districts  {British 
Regional  Geology),  2nd  Edition,  revised. 

Tomkeiff,  S.  I.,  and  Marshall,  C.  E.,  1935.  The  Moume  dyke  swarm. 
Quart.  Journ.  Geol.  Soc.,  xci,  251-292. 

21  Hazel  Drive, 
Wingerworth, 
Chesterfield. 


A  Summary  of  Present  Views  on  the  Structure  of 
ComwaU  and  Devon 

By  E.  M.  L.  Hendriks 


SINCE  my  account  (1937)  of  the  structure  of  a  part  of  Cornwall  and 
Devon,  I  have  re-examined  in  particular  the  area  known  as  Roseland 
between  the  Dodman  and  Porthallow  at  the  eastern  end  of  the  Lizard 
Boundary.  This  has  led  to  a  re-interpretation  of  the  structure  which, 
though  in  part  concerned  with  the  Gramscatho  Beds,  applies  to  a  large 
area  of  Cornwall  and  Devon.  In  the  last  few  years  many  workers  have 
appeared  in  the  area  and  I  have  been  frequently  asked  for  my  views 
on  the  structure  and  succession.  It  is  evident  that  my  1937  paper  has 
given  rise  to  some  misconception  regarding  these  views,  and  it  is 
desirable  to  place  on  record  a  brief  summary  of  the  main  conclusions 
to  which  I  have  been  led  by  my  work  during  the  last  twenty  years 
(mainly  since  1951). 

In  Cornwall  two  regions  can  be  distinguished  on  structural  grounds, 
and  though  not  so  clearly  shown  can  also  be  recognized  in  a  large  part 
of  Devon.  I  refer  to  these  as  (a)  the  over-ridden  region  and  (b)  the 
over-riding  region.  These  correspond  broadly  to  the  Unter-Bau  and 
the  Ober-Bau  of  Continental  workers. 

I.  The  Over-ridden  Region 

Excluding  an  area  near  Tintagel  of  about  85  square  miles  the  over¬ 
ridden  region  occupies  most  of  Devon  and  Cornwall  south  of  the 
Culm.  In  Cornwall  it  is  bounded  on  the  south  by  the  great  Crush-Zone 
which  extends  from  Cury-in-Meneage  to  Great  Perhaver  Beach  near 
Gorran,  but  is  not  exhibited  in  Devon.  The  rocks  of  this  region, 
consisting  of  Lower,  Middle,  and  Upper  Devonian,  were  laid  down  in  a 
complex  geosyncline.  This  broadly  subsiding  area  was  divided  into 
secondary  troughs  with  intervening  geanticlinal  areas  or  ridges.  In 
the  troughs  deposition  of  a  monotonous  series  of  grey  mudstones  and 
shales  proceeded  without  interruption  throughout  the  period.  They 
are  marine  sediments,  but  fossils  are  not  in  general  plentiful  and  are 
restricted  to  more  or  less  rare  thin  bands. 

The  sediments  that  were  formed  in  the  geanticlinal  areas  are  dis¬ 
tinguishable  in  several  respects  from  those  of  the  intervening  troughs. 
They  can  usually  be  recognized  by  their  purple,  red,  or  green  colours, 
variable  lithology  including  conglomerates,  and  by  their  special 
faunas  which  are,  however,  marine  and  not  lacustrine.  Recent  work, 
particularly  that  of  Dr.  E.  I.  White  (1956),  has  proved  that  the  Ostra- 
coderm  fauna  of  one  of  these  ridges,  the  rocks  of  which  were  hitherto 
regarded  as  lacustrine  and  of  Gedinnian  age,  is  actually  of  marine 
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origin  and  of  Lower,  Middle,  and  Upper  Siegenian  age.  The  rocks  of 
this  ridge  are  therefore  proved  by  their  faunas  to  be  of  the  same 
Siegenian  ages  as  the  grey  mudstones  and  shales  in  the  adjoining  trou^. 
Thus  a  great  stumbling  block  in  the  correlation  of  the  rocks  of  this 
region  was  removed.  In  this  ridge,  which  from  its  fauna  is  now  referred 
to  as  the  “  Ostracoderm  ridge  ”,  and  in  the  parallel  Staddon  ridge, 
conglomerates  are  developed  which  indicate  an  interruption  in  the 
sedimentation.  Further  north  another  ridge  is  composed  of  purple 
and  green  banded  mudstones  to  which  are  restricted  lamellibranchs 
and  the  cyprid  formerly  called  Entomis  (now  regarded  as  Richterina). 
Although  from  its  rocks  it  is  regarded  as  a  geanticlinal  ridge,  it  never¬ 
theless  remained  below  sea-level  throughout.  In  general  the  ridges 
are  progressively  younger  from  south  to  north. 

The  southernmost  trough  of  the  geosyncline  extends  eastwards  across 
Cornwall  from  the  Newquay  region.  In  Devon  it  is  bounded  on  the 
south  by  the  metamorphic  rocks  of  the  Start  Peninsula,  but  in  Cornwall 
a  wedge-shaped  area  occupied  by  beds  called  Gramscatho  and  Mylor 
intervene  between  it  and  the  great  Crush-Zone  which  belongs  to  the 
over-riding  region.  These  beds  are  facies  modifications  of  the  Middle 
Devonian  which  contain  the  debris  of  land-plants  called  “  Hacksel  ” 
(chaff ) ;  they  are  widely  distributed  both  in  the  northern  and  Central 
European  Devonian  rocks  and  are  not  restricted  to  Central  Europe 
as  I  believed  in  1937.  The  basal  conglomerate,  which  is  in  places 
varicoloured,  is  correlated  with  the  basal  Staddon  Grit  further  north. 
The  Gramscatho- Mylor  beds  may  be  regarded  as  a  type  of  Flysch 
(Sujkowski,  1957;  Tercier,  1948)  produced  by  extreme  instability  of 
the  area. 

In  places  both  the  ridge  and  trough  facies  may  end  with  the  formation 
of  conglomerates.  Thus  in  Plymouth  Sound  the  two  ridges,  the  Siege¬ 
nian  Ostracoderm  and  later  Staddon,  occur  close  together  separated  by 
the  narrow  Crownhill  Bay  trough  of  Lower  Hunsriickian  age.  Both 
Siegenian  facies  end  in  conglomerates  and  on  these  conglomerates  the 
Staddon  Grit  of  Staddon  rests  apparently  in  places  on  an  eroded  surface. 
In  North  Cornwall  there  is  a  conglomerate  beneath  the  purple  and 
green  Cyprid  beds :  this  is  assigned  by  M.  R.  House  ^  to  the  Frasnian. 

In  South  Cornwall  the  conglomeratic  basal  Gramscatho  is  inverted 
beneath  beds  with  Lower  Emsian  fossils ;  these  were  brecciated  by  the 
northward  travel  of  the  over-riding  region,  but  are  not,  as  the  Survey 
concluded  (Flett,  1946),  a  part  of  the  Crush-Zone  itself.  It  follows  from 
this  inversion  that  the  beds  “  young  ”  northwards,  i.e.  some  of  the 
central  beds  called  Mylor  are  younger  than  marginal  Gramscatho. 

Relations  of  the  Devonian  Rocks  of  Cornwall  to  the  Old  Lizard  Head 
Series. — Long  ago  I  reached  the  conclusion  that  the  Old  Lizard  Head 
*  Personal  communication  to  the  author. 
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rocks  were  metamorphosed  Lx>wer  Devonian  sediments.  Confirmation 
of  this  view  has  now  been  obtained  independently  in  Brittany  and  the 
evidence  for  this  conclusion  may  be  briefly  summarized. 

The  motonous  grey  sediments  of  the  geosynclinal  troughs  are  some¬ 
times  developed  in  a  peculiar  facies,  in  particular  north  of  the  Start 
Peninsula  and  in  the  Torquay  area  (Ussher,  1933),  and  in  Plymouth 
Sound.  Similar  developments  are  now  known  to  occur  in  the  central 
parts  of  geosynclinal  troughs  in  North  and  Central  Brittany.  Before 
fossils  were  discovered  in  them,  the  latter  rocks  were  known  as 
Brioverian  and  were  believed  to  be  Pre-Cambrian  like  many  schists  and 
gneisses  in  that  area.  Thus  the  “  Brioverian  ”  included  two  facies,  one 
a  clastic  and  unaltered  facies,  the  other  metamorphic.  Even  in  1900, 
Barrois  refusing  to  assign  any  age,  predicted  that  “  the  mica  and  other 
schists,  gneisses,  quartz  granulites,  etc.,  would  one  day  prove  to  be  the 
contemporaneous,  but  metamorphosed,  facies  of  the  clastic  sediments 
called  Brioverian  ”.  It  has  subsequenly  been  shown  that  Barrois’ 
Brioverian  includes  rocks  ranging  in  age  from  Tremadoc  to  Upper 
Devonian  (Kerfome,  1923-25).  Kerfome  (1923)  named  this  “  Com¬ 
prehensive  ”  Series  the  “  Brioverian  Facies  ”. 

In  lithology  and  fauna,  the  grey  Siegenian-Emsian  Series  of  Plymouth 
Sound  matches  the  contemporaneous  clastic  Brioverian  facies  of  North 
Brittany.^  The  same  facies  occurs  north  of  the  Lizard,  of  which 
J.  B.  Hill  (1905)  wrote  :  “  They  now  have  every  structure  of  true  schists 
but  the  mineralization  is  wanting.”  In  North  Brittany  the  imperceptible 
passage  westward  from  Devonian  rocks  of  Emsian  age  to  metamorphic 
rocks  consisting  of  mica  schists,  with  chloritoid,  garnet,  and  staurolite, 
has  been  established  by  Delattre  (1952)  in  the  Morlaix  area. 

The  similarity  of  the  Old  Lizard  Head  Schists  to  the  Brittany  meta- 
morphics  greatly  strengthens  my  view  that  they  are  metamorphosed 
representatives  of  the  nearby  Devonian  sediments.  The  Old  Lizard 
Head  Series  probably  carries  with  it  the  closely  related  Start  schists 
and  the  Dodman  phyllites  which  are  therefore  with  great  probability 
all  developed  from  a  Rhineland  facies  of  the  Lower  Devonian.  It 
therefore  belongs  to  the  over-ridden  region  of  the  Peninsula.  It  is  a 
curious  fact  that  a  strain-slip  cleavage  is  developed  throughout  this 
region. 

II.  The  Over-riding  Region  or  Lizard  Boundary  Nappe. 

This  includes  in  the  south  the  great  Crush-Zone  and  Lizard  Serpentine 
Complex;  in  the  north,  the  Tintagel  Region.  None  of  these  rocks 
exhibit  a  strain-slip  cleavage. 

*  Personal  communication  from  Professor  Pruvost.’ 
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The  Crush-Zone  is  a  long  narrow  strip  of  country  comprised  of  a 
jumbled  mass  of  rock  fragments  in  which,  however,  traces  of  the  original 
stratigraphical  succession  of  a  normal  limb  of  a  fold  can  be  recognized. 
The  great  importance  of  the  structure  is,  however,  that  the  included 
fragments  belong  to  facies  which  are  quite  unknown  in  S.W.  England, 
but  are  characteristic  of  Southern  and  Central  Europe.  The  horizons 
represented  are  in  approximate  order  from  north  to  south :  Llandeilo- 
Caradoc  quartzites;  Ludlow  (black  Orthoceras  limestone  with  two 
species  of  Cardiola  one  of  which  is  unknown  in  Britain ;  Gramscatho- 
like  Hacksel-bearing  grits  and  shales  (probably  Eifelian) ;  black  calca¬ 
reous  shale  of  probably  Upper  Devonian  age  (it  rests  on  a  conglomerate 
containing  renumie  Lower  or  Middle  Devonian  fossils) ;  and  finally  at 
the  top  the  Lizard-Dodman  Boundary  pillow-lava  which  was  regarded 
by  Sujkowski  in  1934  ‘  as  Upper  Devonian  or  Lower  Carboniferous. 

The  origin  of  this  remarkable  jumble  of  rocks  seemed  inexplicable 
until  I  discovered  the  structure  with  which  it  is  connected.  This 
structure  is  a  portion  only  of  a  recumbent  anticline  of  impressive 
dimensions,  and  consists  of  a  part  of  the  quartzite  core  of  the  anti¬ 
cline.  This  portion  of  the  core  occupies  the  whole  height  of  the  cliff 
about  80  feet  high  in  the  coast  section  below  Carne  Ridge  in  Gerrans 
Bay,  Roseland,  and  the  inverted  limb  passes  into  a  flat  or  gently  south¬ 
ward-hading  thrust.  The  Crush-Zone  is  exposed  in  the  cliff  south  of  the 
recumbent  anticline  right  up  to  the  Nare  Head  pillow-lava  which  is 
itself  continuous  with  the  pillow-lava  along  the  Lizard  Boundary  to  the 
south-west  and  along  the  Dodman  Boundary  to  the  north-east. 

The  base  of  the  spilite  seems  to  be  sheared  out  everywhere  except  in 
this  one  spot  in  Roseland.  Here,  however,  serpentine  is  intruded  not 
only  into  the  breccias  of  the  thrust,  but  also — what  is  more  important— 
into  the  pillow-lava  itself. 

The  Lizard  Boundary  Nappe  above  the  thrust-plane  at  its  base  thus 
consists  of  a  great  recumbent  fold  in  rocks  which  belong  to  a  facies 
characteristic  of  Central  Europe;  and  it  is  carried,  together  with  its 
Crush-Zone,  northward  on  the  flat  thrust  over  rocks  which  belong  to 
the  facies  of  the  Rhineland  and  North  Europe.  Moreover,  the  intrusion 
of  the  serpentine  was  contemporaneous  with  this  movement.  By  a  later 
development  of  the  thrust  movement,  also  from  the  south,  but  not 
accompanied  by  serpentine,  portions  of  this  succession,  including  the 
original  flat  thrust  with  its  breccias,  intrusions,  and  contemporaneous 
conglomerates,  were  piled  up  in  imbricate  structure  in  the  south  nnd 
carried  over  one  another  in  the  Tintagel  area. 

The  age  of  the  nappe  movement  and  the  intrusion  of  the  serpentine 
can  be  approximately  dated  as  latest  Devonian  or  possibly  early 
Carboniferous. 


•  In  MS.  report. 
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ULTRABASIC  PILLOW  LAVAS  FROM  CYPRUS 

Sir,— In  his  letter  {GM.  Mag.,  1958,  xcv,  436)  Mr.  D.  W.  Bishopp  refers  to 
tlM  Diabase  of  Cyprus  and  expresses  the  view  that  it  b  composed  of  a  series  of 
highly  folded  lava  flows  and  states  that  he  would  welcome  knowledge  of  any 
argument  counter  to  this  theory.  During  the  original  reconnaissance  of  the 
Troodos  Mountains,  when  detailed  mapping  had  only  been  done  over 
limited  areas,  it  seemed  reasonable  to  assume  that  the  diabase  sheets  were 
altered  lavas.  Further  work,  however,  more  particularly  round  the  margin  of 
the  Diabase  has  accumulated  evidence  which  would  suggest  that  at  l^t  a 
large  proportion  of  the  formation  b  an  intrusive  rock.  It  b  therefore  proposed, 
in  thb  letter,  to  describe  in  general  terms  some  of  the  evidence  favouring  thb 
conclusion. 

The  clue  to  the  origin  of  the  Diabase  b  to  be  found  in  ib  similarity  to  the 
Basal  Group  of  the  Pillow  Lava  Series.  It  can  be  shown  that  the  Basal  Group 
is  Ivgely  composed  of  multiple  dykes;  these  dykes,  in  many  areas,  are 
indbtinguishable  from  diabase  sheets.  The  following  brief  description  of  the 
Basal  Group  and  ib  relationships  with  the  Diabase  may  therefore  contribute 
towards  the  solution  to  the  problem. 

The  Basal  Group  of  the  Pillow  Lava  Series  b  a  transitional  formation 
between  the  DiabaM  and  the  overlying  Lower  and  Upper  Pillow  Lavas.  It  b 
(tetingubhed  from  the  Diabase  by  the  inclusion  within  ib  outcrop  of  occa¬ 
sional  pillowed  exposures  and  from  the  Lower  and  Upper  Pillow  Lavas  by  ib 
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super-abundance  of  dykes.  The  dykes  of  the  Basal  Group  vary  from  2  feet 
to  10  feet  in  thickness  and  range  in  composition  from  slightly  altered  andesite 
or  basalt  to  diabase.  The  pillowed  exposures,  which  occur  as  narrow  screens 
between  the  dykes,  are  usually  about  10  feet  wide,  but  screens  SO  feet  in 
width  have  been  noted.  Their  composition  is  similar  to  the  enclosing  dykes. 
The  screens  are  separated  from  one  another  by  distances  ranging  from  a  few 
feet  to  over  a  quarter  of  a  mile  measured  across  the  strike.  It  is  obvious  from 
the  discordance  in  dip  between  these  pillow  lavas  and  the  enclosing  rock  that 
the  latter  is  of  an  intrusive  nature  and  occurs  as  a  series  of  multiple  dykes. 
The  dykes  and  the  sheets  in  the  adjacent  Diabase  are  concordant  but,  within 
the  Basal  Group,  a  dyke  series  may  cut  across  an  earlier  series  at  acute  angles. 

As  the  Diabase  is  approached,  the  dykes  of  the  Basal  Group  lose  their 
vesicularity,  and  gradually  take  on  the  characteristics  and  composition  of 
diabase  sheets.  Namely,  the  dykes  become  hard  and  indurated  and  subsidiary 
jointing  running  parallel  to  their  walls  is  developed.  (Hence  the  sheets  varying 
in  thickness  from  “  a  few  centimetres  to  a  metre  or  so  in  thickness  ”  referred 
to  by  Mr.  Bishopp.)  It  is  thus  a  matter  of  great  difficulty  to  draw  a  boundary 
between  the  Diabase  and  the  Basal  Group.  This  difficulty  was  appreciated  by 
J.  M.  Carr  {Ann.  Rept.,  1955,  p.  27)  when  he  described  portions  of  the  Diabase 
as  being  identical  with  that  of  the  exceptionally  thick  and  numerous  multiple 
dykes  of  the  basal  portion  of  the  Pillow  Lava  Series.  L.  M.  Bear  (Am. 
Rept.,  1955,  p.  30)  said  of  the  Basal  Group  that  “ its  most  striking  feature 
is  its  similarity  to  the  diabase  and  there  is  no  evidetKe  to  dispute  that  it  is 
largely  diabasic  material  within  which  occur  subordinate  lava  types  ”. 

The  general  picture  is  that  in  the  Pillow  Lava  Series,  dykes  become  in¬ 
creasingly  abundant  as  the  Diabase  is  approached  until,  in  the  Basal  Group, 
they  constitute  as  much  as  90  per  cent  of  the  rock.  Correspondingly  t^ 
pillow  lava  screens  become  narrower  and  less  frequent  until  in  the  Diabase 
they  are  no  longer  present.  It  is  therefore  possible  that  the  Diabase  is  a  series 
of  intrusive  sheets  which,  over  a  long  period  of  time,  were  successively  injected 
and  acted  as  feeders  to  the  overlying  lava  flows.  The  generally  non-vesicular 
nature  of  the  Diabase  in  the  interior  of  the  massif  passing  upwards  into 
vesicular  Basal  Group  dykes  is  consistent  with  an  intrusive  origin,  the  gas 
phase  only  being  released  as  the  magma  reached  higher  levels  in  the  crust. 

A  difficulty  in  accepting  an  extrusive  origin  for  the  Diabase  is  that  diagnostic 
characteristics  such  as  vesicularity,  prominently  chilled  and  uneven  slaggy 
surfaces,  by  which  a  subaerial  lava  flow  may  be  recognized,  are  lacking. 

The  contention  that  the  structure  of  the  Diabase  is  due  to  folding  is  open  to 
question.  The  structural  pattern  of  the  Basal  Group  dykes,  except  where  they 
have  been  disturbed  by  faulting,  is  precisely  the  same  as  that  of  the  Diabase 
sheets.  Moreover,  characteristic  features  of  fold  tectonics  such  as  cleavage 
and  schistosity,  which  may  be  expected  in  a  hi^ly  folded  series  of  competent 
rocks,  are  also  lacking.  The  alteration  in  the  Diab^  is  not  of  such  a  type  as  to 
surest  dynamic  metamorphism  nor  in  the  bulk  of  the  outcrop  is  the  alteration 
so  intense  that  lava  flow  characteristics  would  be  obliterated.  The  Diabase  is 
apparently  the  hydrothermally  altered  equivalent  of  the  basic  dykes  of  tlw 
Pillow  Lava  Series.  The  hydrothermal  solutions  had  their  source  in  the  basic 
Plutonic  rocks  by  which  the  Diabase  is  intruded. 

Faulting  is  particularly  prevalent  along  the  northern  flank  of  the  Troodos 
Mountains  and  has  bwn  caused  by  north-south  compression  during  Tertiary 
and  earlier  times.  Marked  deflection  of  Diabase  sheets  terminating  in  faults 
can  be  demonstrated  in  the  held  and  locally  horizontal  dips  are  present.  But 
in  the  interior  of  the  range  no  actual  “  turn  over  ”  on  the  axis  of  an  anticline 
or  syncline  has  been  obwrved  either  by  myself  or,  to  my  knowledge,  by  my 
foimer  colleagues  in  the  Cyprus  Geological  Survey,  The  writer  therefore 
believes  that  the  diiw  of  Diabase  sheets,  except  where  they  have  been  affected 
by  subsequent  faulting,  represent  the  original  irKlinations  of  successive  dykes. 

Mr.  Bishopp’s  reference  to  the  strike  of  the  Diabase  lining  up  with  the  Red 
Sea  direction  is  particularly  apt.  In  a  recent  paper  R.  W.  Girdler  (1958) 
interprets  high  positive  gravity  anomalies  occurring  down  the  centre  of  the 
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Red  Sea  as  being  due  to  the  intrusion  along  a  crack  in  the  earth’s  crust  of  a  large 
basic  mass  40  miles  wide.  It  is  conceivable  that  this  basic  mass  may  be 
represented  in  Cyprus  by  the  Diabase  and  was  intruded,  during  a  period  of 
regional  crustal  tension,  by  successive  injection  of  magma  along  a  gradually 
widening  crack. 
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TOURNAISIAN  beds  in  RAVENSTONEDALE  and  DUBLIN 

Sir, — In  a  recent  memoir  on  Lower  Carboniferous  palaeogeography. 
Professor  T.  N.  George  (1958)  claims  that  no  rocks  older  than  Visean  are 
present  in  Northern  England  and  Scotland  nor  in  County  Dublin.  For  his 
argument  the  Ravenstonedale  area  of  the  North-West  I^ovince  is  critical, 
since  as  he  states  (1958,  p.  241),  “  the  occurrence  of  Toumaisian  rocks 
elsewhere  in  the  north  of  England  and  in  Scotland  has  rested  on  correlation 
with  the  Ravenstonedale  sequence.” 

The  beds  which  have  been  attributed  at  Ravenstonedale  to  the  Toumaisian 
belong  to  the  Solenopora-  (recte  Pseudochaetetes)  and  gregaria-subzones 
above  the  Shap  Conglomerate  horizon  and  the  Pinskey  Gill  Beds  below  it. 

In  Garwood’s  vertical  section  (1913,  fig.  2,  p.  452)  the  base  of  C,  is  drawn 
at  the  Thysanophyllum  pseudovermiculare-b^A  in  the  gregaria-SMbzont. 
Professor  George  appears  to  have  been  unaware  that  I  have  already  (1950, 
pp.  125,  128-9)  advocated  lowering  this  boundary  broadly  to  the  base  of 
the  algal  phase  at  that  of  the  gregaria-sxibzone,  which  latter  I  regard  as 
wholly  Visian.  I  welcome  Professor  George’s  additional  arguments  (1958, 
pp.  240-1)  for  this.  (Whether  Toumaisian  Lower  C,  is  present  or  recognizable 
in  Ravenstonedale  is  an  interesting  but,  for  present  purposes,  unessential 
question.) 

For  the  underlying  Solenopora-%\}bzone  the  sole  positive  eviderKS  adduced 
for  a  Vis6an  age  is  the  presence  of  Composita  aff.  fkoides  and  Pustula 
pyxidiformis.  Vaughan  (1905,  p.  245  and  pi.  xxix)  shows  the  species-group 
of  “  Seminula  ”  ficoides  already  appearing  at  the  top  of  Zj  in  the  Bristol 
area.  As  for  Pustula  pyxidiformis,  Demanet  (1958,  pp.  123,  126,  130)  reports 
it  from  Tn«j,  b,  ud  c  of  Toumai.  Garwood  (1913,  p.  460)  records  Spirifer 
tornacensis  (as  Spirifer  clathratus)  from  Ravenstonedale  and  this  is  one  of 
Professor  Grorge’s  definitive  Toumaisian  species,  but  to  which  he  makes 
no  reference’  in  connection  with  this  area.  Dr.  W.  H.  C.  Ramsbottom 
kindly  informs  me  that  one  at  least  of  Garwood’s  Ravenstonedale  Schell- 
wienella  crenistria  is  close  to,  and  may  well  be  Schellwienella  aspis,  which 
is  Vaughan’s  Orthotetes  crenistria  mut  Z ;  and  that  another  is,  or  is  close  to, 
Schuchertella  wexfordensis  {"Orthotetes  crenistria  mut  C”).  Both  species 
are  common  together  in  the  Toumaisian  of  South-East  Ireland. 
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The  Solenopora-sxihzont  thus  being  Toumaisian,  still  more  must  be  the 
Pinskey  Gill  Beds  with  their  strangely  Devonian  faunal  aspect,  disproved 
only  by  the  presence  of  a  Carboniferous  fish,  and  separated  from  the 
Solenopora-suhzont  by  at  least  SO  feet  and  very  probably  at  least  as  much 
more,  of  green  and  r^  sandstones  with  conglomerate.  Professor  George’s 
only  attempt  at  justification  of  his  Vis6an  dating  is  an  analogy  with  deltaic 
intercalations  in  North-West  Ireland.  The  arenaceous  beds  below  the 
Solenopora-subzone  are  not  deltaic  depmits  and  the  Pinskey  Beds  themselves 
are  dolomites  and  shaly  mudstones  resting  directly  on  the  Lower  Palaeozoic 
floor.  Professor  George  refers  to  Dr.  E.  E.  L.  Dixon’s  non-palaeontological 
argument  (1913,  p.  S8S)  for  Vis6an  dating  of  the  whole  glabristria-zoat. 
But  he  was  referring  to  the  break  between  Solenopora-  and  Pinskey  B^ 
not  to  the  sub-Pinskey  unconformity  which,  of  course,  proves  nothing  beyond 
the  Pinskey  Gill  Beds  being  later  than  the  Caledonian  folding. 

From  County  Dublin  Professor  George  (1958,  fig.  15,  p.  276  and  p.  242) 
similarly  banishes  all  Tournaisian  rocks,  btising  his  action  on  Smyth’s 
discovery  of  early  Visdan  goniatites  toward  the  top  of  the  very  thick  Rush 
Slates.  There  are  at  least  600  feet  of  beds  below  the  goniatite  level,  and 
inland  is  the  long  section  at  Swords,  much  of  which  is  probably  lower  than 
anything  seen  on  the  coast.  From  the  middle  of  it  I  have  recorded  Avonia 
basso  (1938,  p.  26),  another  of  Professor  George’s  definitive  Tournaisian 
species.  Moreover,  he  omits  all  mention  of  Smyth’s  (1920)  exhaustive 
account  of  highly  fossiliferous  Toumaisian  (both  Z  and  Q)  at  Malahide. 
Here  the  latet^  equivalents  of  the  sub-Vis6an  part  of  the  Rush  Slates  yield 
Avonia  aff.  bassa  and  Dictyoclostus  vaugkani  (“  Productus  burlingtonensis”) 
(both  definitive  Toumaisian  species)  and  also  Schellwienella  aspis  (“  Ortho- 
tetes  crenistria  mut  Z  ”)  and  Vaughania  cleisloporoides,  this  last  indicating 
connection  with  Ravenstonedale  in  Q.  From  the  south-westerly  extension 
of  the  Swords  Anticline  into  Kildare  I  have  recorded  (1938,  p.  28)  the 
definitive  Dictyo.  vaughani  and  Spirifer  tornacensis.  The  evidence  for 
Toumaisian  in  the  Dublin  region  is  overwhelming  by  Professor  George’s 
self-chosen  criteria  and  reinforces  that  from  Ravenstonedale. 

Toumaisian  rocks  are  therefore  present  in  both  County  Dublin  and 
Ravenstonedale,  and  so  in  those  other  areas  of  Britain  in  which  rocks  of 
the  same  age  as  the  Solenopora-  and  Pinskey  Beds  can  be  identified. 
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OCCURRENCE  OF  CHANCELLORIA  WALCOTT  IN  THE  COMLEY 
LIMESTONE 

Sir,— During  sorting  last  year  of  material  etched  from  the  Comley  Lime¬ 
stone,  Professor  Alwyn  Williams  of  this  department  discovered  a  number 
of  sponge  spicules,  which  he  referred  to  me  for  identification.  These  are 
mostly  forms  which  seem  to  represent  a  species  of  the  Heteractinellid 
Chancelloria  Walcott.  So  far  as  I  know,  this  Cambrian  genus  has  not 
previously  been  recorded  outside  North  America. 

The  spicules  concerned  are  forms  having  seven,  eight,  or  nine  rays,  in  which 
six,  seven,  or  eight  rays  are  arranged  in  the  manner  of  spokes  of  an  umbrella 
in  relation  to  the  end  of  a  shaft,  formed  by  a  further  ray.  In  technical  terms, 
th^  are  hexaenes,  heptenes,  and  otaenes,  if  the  spokes  and  shaft  are  treated 
ascla^  and  a  rhabdus  (or  rhabdome)  respectively  (by  analogy  with  the  Demo- 
spongid  triaene:  cf.  de  Laubenfels,  19SS,  p.  E  93;  Sollas,  1888,  pp.  Iv-Ivi 
and  fig.  xi).  The  spoke-like  rays,  or  cladi,  are  swollen  near  their  junctions  with 
the  limbdus — or  shaft — but  markedly  constricted  at  the  point  of  junction, 
where  a  depressed  suture  b  seen.  The  swollen  bases  of  the  cladi  are  in  contact 
laterally,  again  with  sutured  junctions.  The  head  of  the  rhabdus  may  itself 
be  rather  swollen.  The  cladi  are  often  slightly  curved,  with  the  curvature, 
as  in  an  umbrella,  on  the  side  which  faces  the  shaft ;  the  latter  itself  n,ay  be 
curved  to  one  side.  The  cladal  bases  are  flattened  on  the  side  opposite  to  the 
rhabdus ;  within  the  flattened  areas  there  are  traces  of  rounded  depressions. 
On  the  head  of  the  rhabdus,  which  is  seen  surrounded  by  the  bases,  a  similar 
depression  may  occur.  The  length  of  the  rays  is  ca.  0-7-1  *S  mm. 

Regarding  preservation,  most  of  the  spicules  are  siliceous,  though  finely 
roughened,  greenish  in  colour,  and  doubly  refractive.  Some  are,  however, 
preserved  as  ferruginous  p^udomorphs.  Besides  complete  examples  there 
are  also  fragments,  consisting  of  portions  of  spicules  which  have  broken 
along  the  sutures  between  the  rays. 

Many-rayed  spicules  of  this  general  form,  called  umbrella  spicules  by 
Hinde  (1887-1912),  are  among  those  which  characterize  the  Heteractinellida. 
The  features  which  point  specially  to  Chancelloria  are  the  sutured  junctions  of 
the  rays,  and  the  depressions  on  the  head  of  the  rhabdus  and  bases  of  the 
cladi.  The  umbrella  spicules  seen  otherwise  in  Tholiasterella  Hinde  (ibid.)— 
whose  known  occurrences,  incidentally,  are  Carboniferous — do  not  show 
either  of  these  features.  Suturing  of  rays  may  occur  in  the  Cambrian  Eiffelia 
Walcott  (Walcott,  1924,  p.  324);  but  in  this  form  the  number  of  cladi  is 
fixed  at  six,  and  there  seem  to  be  shaft  rays  on  both  sides  of  the  spoke-like 
group  of  cladi.  The  spicules  recorded  here  are  most  like  those  figured  by 
Walcott  from  C.  eras  Walcott  and  C.  drusilla  Walcott  (ibid.,  p.  86,  figs.  2-2r, 
and  pi.  87,  figs.  2-2e) ;  both  of  these  show  the  depressions  referred  to,  which 
seem  to  be  lacking  in  Eiffelia.  In  possession  of  a  definite  rhabdus,  in  place  of 
the  central  disc  of  C.  eras,  our  spicules  agree  in  particular  with  those  of  C. 
drusilla',  but  definite  reference  to  this  species  would  be  premature  at  present. 

Owing  to  the  sutured  junctions  of  the  rays,  the  spicules  give  the  impression 
not  of  normal  many-rayed  spicules  but  of  aggregates  of  articulated  ray-like 
bodies.  The  depressions  first  noted  by  Walcott,  on  the  disc  or  the  head  of  the 
rhabdus  and  on  the  bases  of  the  cladi,  are  in  themselves  unusual.  They  niight 
be  analogous  with  the  feature  called  the  hiliun  in  the  Demospongid  micro- 
Kleies  known  as  sterrasters ;  this  is  a  depression  which  marks  the  position  of 
the  nucleus  of  the  secretory  cell  (scleroblast)  by  which  the  spicule  is  produced 
(cf.  Sollas,  1888,  pp.  Ixiv-Uv  and  fig.  xxi,  w).  Perhaps  in  Chancelloria  we  have  a 
—possibly  primitive — condition  with  each  ray  essentially  independent  and 
P^uced  by  a  separate  scleroblast,  the  position  of  whose  nucleus  is  marked 
by  a  hilum-like  depression. 
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REVIEWS 

The  Earliest  Geological  Treatise  (1667).  By  Nicolaus  Steno.  Translated 
with  introduction  and  notes  by  Axel  Garboe.  51  pp.  with  4  plates. 
London:  Macmillan,  1958.  Price  15j. 

A  casual  glance  at  the  title  of  this  book  might  lead  one  to  suppoK  that  it 
claims  for  Steno’s  work  a  position  of  unrivalled  priority  in  the  early  literature 
of  geology.  Such  a  claim  could  hardly  be  justified.  In  fact,  however,  it  is 
Steno' s  earliest  work  on  geology  that  is  reprinted  here. 

Steno  was  not  the  first  to  argue  for  the  organic  origin  of  fossils,  but  it  is 
fair  to  say  that  none  of  his  predecessors  presented  the  case  with  greater  skill. 
The  “  modernity  ”  of  his  approach  is  remarkable.  Instead  of  attempting, 
as  many  of  his  contemporaries  did,  to  explain  all  geological  phenomena  in  a 
single  all-embracing  system,  he  focused  attention  on  a  limited  problem— 
the  existence,  in  some  rocks,  of  “  bodies  ”  with  close  resemblances  to  living 
organisms.  First  he  presents  a  number  of  simple  but  perspicacious  observa¬ 
tions  about  these  “  bodies  ”  and  the  rocks  in  which  they  occur.  He  follows 
these  with  a  series  of  inferences,  which  are  closely  and  persuasively  argued, 
and  arranged  skilfully  to  lead  the  reader  by  successive  steps  to  the  final 
conclusion :  that  only  the  interpretation  of  the  “  bodies  *’  as  organic  remains 
will  serve  to  account  for  all  the  observations.  This  clear  separation  of 
observations  from  inferences  is  itself  unusual  for  the  period;  and  having 
postulated  (on  the  evidence  of  the  fossils)  the  former  existence  of  the  sea  over 
areas  that  are  now  dry  land,  he  did  not  feel  bound  to  go  on  to  justify  this  by  a 
full-blown  theory  of  earth  movements.  This  work  was  originally  published 
merely  as  an  appendix  to  an  anatomical  description  of  a  giant  shark.  This  is 
significant :  unlike  many  early  geologists,  Steno  approached  the  problem  of 
fossils  through  the  study  of  anatomy,  not  mineralogy;  and  in  this  present 
work  his  critical  evidence  for  his  interpretation  lies  in  the  detailed  resemblance 
between  fossil  “ glossopetrae"  and  the  teeth  of  the  shark.  Here,  in  the  close 
comparison  of  fossils  with  living  organisms,  is  the  germ  of  palaeontologicai 
method. 

This  little  work  is  one  of  the  finest  specimens  of  gralo^cal  reasoning  in  the 
early  history  of  the  science.  It  is  to  be  hoped  that  it  will  be  widely  read  by 
geologists ;  for  it  may  help  to  dispel  the  belief,  still  widespread,  that  those  who 
wrote  on  geology  before  1800  were  all  the  credulous  purveyors  of  quaint 
fables,  prevented  by  innate  stupidity  from  seeing  what  is  patently  elm  to 
more  enlightened  generations. 

In  this  attractively  produced  edition,  the  latin  text  and  the  translation  are 
printed  on  alternate  pages,  facing  one  another.  The  translation  is  readable  and 
accurate.  Dr.  Garboe  also  provides  a  useful  introduction  to  the  work.  It  is 
a  pity  that  this  interesting,  but  very  slim,  volume  should  be  so  expensive. 

M.  J.  S.  R. 
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